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HAT is quite a powerhouse you have upstairs. 
With its neuronal connections numbering in 
the hundreds oftrillions, the human brain is 
the most complex object in the known 
universe. It is also, perhaps not coincidentally, 
one ofthe most mysterious. 

The aim ofthis latest New Scientist Essential Guide, 
the seventh in the series, is to give an overview of 
what we know, what we think we know and what we 
know we don't know about the brain - from its basic 
structure and wiring, through the mysteries of memory 
and the intricacies of intelligence, to the horizons of 
neuroscience. We will also take a look at how our brains 
change throughout our lives, explore the various ways 
they can malfunction and dip a toe in the stream of 
consciousness, a topic so complex that it is worthy of 
an entire Essential Guide in its own right. 

I hope you find plenty of brain fodder in the 90-odd 
pages that follow. Previous editions in the series can be 
bought by visiting shop.newscientist.com; feedback is 
welcome at essentialguides@newscientist.com. 
Caroline Williams 
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CHAPTER 1 


BRAIN 
BASICS 


The human brain is the most complex 
object in the known universe. In its 
ever-changing mass of connections, 
memories are stored, habits are 


learned and personalities are shaped. 


Understanding how is one of modern 
science's greatest challenges. 


p. 6 One brain, many parts 

p. 10 Left or right brain? 

р. 11 The role of the cerebellum 
p. 13 Brain-imaging techniques 
p. 14 How neurons work 

p. 16 Social superhighways 

p. 17 The brain’s wiring diagram 


CHAPTER 2 


OUR 
CHANGING 
BRAINS 


All human brains develop to more or 
less the same genetic blueprint, 
handed down through millions of 
years of evolution. When it comes to 
what makes us vary from each other, 
and from our younger selves, the lives 
we lead make all the difference. Other 
factors, such as biological sex, aren't 
perhaps what they are made out to be. 


p. 24 The brain before birth 

p. 27 Inside the mind of a child 

p. 28 Travails of teenagers 

p. 30 The adult brain 

p. 32 Baby brain and menopause mind 
p. 33 Effects of old age 


p. 34 ESSAY: Gina Rippon 
The truth about male and 
female brains 
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CHAPTER 3 


MYSTERIES 
OF MEMORY 


Remembering the past and imagining 
the future is an integral part of human 
existence. Without memory, you 
wouldn't be able to drive to work, hold 
a meaningful conversation with loved 
ones, read a book, or prepare а meal. 
Studies of memory have revealed much 
about what it is to be human, but many 
mysteries remain. 


p.42 Whatare memories made of? 
p.46 Where are memories? 

p. 48 What is memory for? 

р: 49 The importance of forgetting 
p.50 Can you choose to forget? 

p. 52 Memory: FAQS 


CHAPTER 4 


INSIDE 
INTELLIGENCE 


Intelligence has enabled humans 

to reach for the moon, cure diseases 
and, ultimately, to dominate this 
small blue dot of a planet. That 

much is obvious enough, but what 
intelligence really means, and 
whether it is a given or whether it 
changes over life, remain contentious 
issues. 


p.56 Whatis intelligence anyway? 
p.59. Why some people are smarter 
p.61 Intelligence and brain structure 
p. 62 Secrets of Einstein's brain 


p. 64 Is humanity getting 
less intelligent? 


р. 65 Shrinking brains 


CHAPTER 5 


WHEN BRAINS 
60 WRONG 


When you consider the complexity 
of the human brain, you might say 
itis a miracle it ever works at all. 
When problems arise in the brain, it 
can be both debilitating and difficult 
to fix, which is why they are a 

major focus of study in modern 
neuroscience and medicine. 


p. 68 The causels) of mental illness 
p.72 Anxious brains 

p. 73 The rise of dementia 

p. 75 When brains become inflamed 
p.78 How to treat a sick brain 

p.81 Migraine and the brain 
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CHAPTER 6 


NEUROSCIENCE 
HORIZONS 


The past century has seen huge 
leaps forward in our understanding 
of how the brain works and how 

to fix things when they go wrong. 
Yet much remains a mystery and 
countless challenges - and 
opportunities - lie ahead. 


p.86 How to read a mind 


р. 88 Consciousness: 
The hard problem 


p.89 Mind over body 


p.92 INTERVIEW: David Eagleman 
Breaking out of the brain's vault 


p. 96 Can you upgrade your brain? 


— CHAPTER 1 


BRAIN 
BASICS 


The human brain is the most complex object in the known universe. 
It contains an estimated 86 billion neurons, each connecting with 
thousands, or even tens of thousands, of others. 


Somehow, in an ever-changing mass of connections that is unique 
to each one of us, memories are stored, habits are learned and 
personalities are shaped. Understanding how that happens is 

one of modern science's greatest challenges. 
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ONE BRAIN, 
MANY PARTS 


The brain's 86 billion neurons make up a 
jelly-like mass of pinkish tissue weighing in 
at around 1.5 kilograms. This complex organ 
is far more than the sum of its many parts. 
To begin to understand how it creates 
thoughts, memories and emotions, it helps 
to begin by breaking the brain down. 


MARIO WAGNER 


F YOU could travel back in time by 2500 years 
orso, you would find that the great thinkers 
of Ancient Greece weren't all that interested 
inthe brain. Atthe time, many philosophers, 
Aristotle included, believed that the human 
mind resided in the heart and that the brain 
existed to cool the blood. Hippocrates, 
however, wasn't convinced. He argued that 
the brain was in fact the seat ofthought, 
sensation, emotion and cognition. 

He was eventually proved right, although achieving 
a deeperunderstanding ofthe brain's anatomy and 
function took centuries. Many early theories ignored 
the solid brain tissue in favour ofthe brain's fluid-filled 
cavities, or ventricles. The 2nd-century physician 
Galen believed the human brain had three ventricles, 
responsible for imagination, reason and memory 
respectively. According to his theory, the brain 
controlled our body's activities by pumping fluid from 
the ventricles through the nerves to other organs. 

By the 17th century, this "hydraulic" approach was 
replaced by a focus on the solid tissues ofthe brain 
and the ways in which different mental faculties 
could be attributed to different parts, and how 
they are connected to each other. Our still evolving 
understanding began with reports of people with brain 
damage. Localised damage results in highly specific 
impairments of particular skills, such as language 
or numeracy, suggesting that differentlocations > 
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“Тһе cerebral cortex is the 
brain structure that many 
believe makes us human 


are responsible for different mental functions. 

There are many ways to divide up the various regions 
ofthe brain, but at its simplest, you can think of it as 
being made up ofthree sections, the hindbrain, the 
midbrain and the forebrain, each of which specialises 
in a particular kind of processing. 


THE HINDBRAIN 


Asits name suggests, the hindbrain is located at the 
baseofthe skull, just above the neck. Comparisons 
of different organisms suggest it was the first brain 
structure to evolve, with its precursor emerging in 
the earliest vertebrates. In humans, itis made up 
ofthree structures: the medulla oblongata, the 
pons and the cerebellum (see diagram, page 9). 

The medulla oblongata is responsible for many of 
theautomatic behaviours that keep us alive, such as 
breathing, regulating our heartbeat and swallowing. 

A little further up is the pons, which also helps 
regulate vital functions such as breathing, heart rate, 
blood pressure and sleep. It also plays an important 
rolein the control offacial expressions and in 
receiving information about the movements and 
orientation ofthe body in space. 

The most prominent part ofthe hindbrain is the 
cerebellum, which has a very distinctive rippled 
surface with deep fissures. It is made up of cells that 
specialise in super-fast processing, which can encode 
and memorisethe information needed to carry out 
complex fine-motor skills and movements. Recent 
studies suggest that it specialises in the fine-tuning 
of behaviour and emotions in real time, too, 
suggesting a wider role in human cognition 
than was previously appreciated. 


v 


See page 11 for more on our evolving 
understanding of the cerebellum 


THE MIDBRAIN 


The midbrain plays a role in many of our physical 
actions. One of its central structures is the substantia 
nigra, so called because it is a rich source ofthe 
neurotransmitter dopamine, which turns black in 
post-mortem tissue. Since dopamine is essential for the 
control of movement, the substantia nigra is said to "oil 
the wheels of motion". Dopamine is also the "reward" 
neurotransmitter and is necessary for many forms of 
learning, compulsive behaviour and addiction. 

Other regions ofthe midbrain are concerned with 
hearing, visual information processing, the control 
of eye movements and the regulation of mood. 


THE FOREBRAIN 


Many of our uniquely human capabilities arise in 
the forebrain, which expanded rapidly during the 
evolution of our mammalian ancestors. It is enveloped 
by the tissue known as the cerebral cortex, the brain 
structure that many believe make us human. The 
cortex is formed of two connected hemispheres, left 
and right (see “Left or right brain?”, overleaf). Here, 
plans are made, words are formed and ideas generated. 
It is the home of our creative intelligence, imagination 
and consciousness. 

Structurally, the cortex is a single sheet of tissue 
made up of six crinkled layers, referred to as the 
neocortex, folded inside the skull. These layers make 
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up 80 percent ofthe mass ofthe brain, and would 
stretch over more than 1.6 square metres if they were 
spread flat. Information enters and leaves the cortex 
through about a million neurons, but it has more than 
10 billion internal connections, meaning the cortex 
spends most of its time talking to itself. 

Each ofthe cortical hemispheres is divided 
into principal regions known as lobes, and further 
subdivided into many regions. The parietal lobes, at 
thetop ofthe cortex, are involved in attention and the 
integration of sensory information. The occipital lobes 
at the back are mainly concerned with the processing 
of visual information. Behind the ears and temples lie 
the temporal lobes, which deal with sound and speech 
comprehension and some aspects of memory. 

Finally, to the fore are the frontal and prefrontal 
lobes. These are considered the most highly developed 
and most "human" of the cortical regions, dealing with 
the most complex logical thought, decision making, 
planning, conceptualising, attention control and 
working memory. Complex social emotions such as 
regret, morality and empathy are regulated by one 
particular subregion, the anterior cingulate cortex, which 
is also involved in monitoring performance, detecting 
errors and regulating emotions during a challenging 
task. Towards the rear of the frontal lobe, the motor 
and pre-motor cortices run from ear-to-ear across the 
top of the brain. Together, these regions control the 
planning and control of voluntary movements. 

Other components of the forebrain include 
the thalamus, a relay station that directs sensory 
information to the cerebral cortex (the hemispheres 
of tissue that envelope the forebrain) for higher 
processing and has been implicated in consciousness; 
the hypothalamus, which releases hormonesinto > 
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the bloodstream for distribution to the rest ofthe 
body;the amygdala, which deals with emotion and 
perceived threats; and the hippocampus, which plays 
a major role in the formation of spatial memories. 
Among the most recently evolved parts of the 
forebrain are the basal ganglia, which regulate the 
speed and smoothness of intentional movements 
initiated by the cerebral cortex. Connections in this 
region are modulated by the neurotransmitter 
dopamine, provided by the midbrain’s substantia 
nigra. A deficiency in dopamine is associated with 
many of the symptoms of Parkinson’s disease, such as 


slowness of movement, tremor and impaired balance. 


Finally, below the cerebral hemispheres, but still 
referred to as part of the forebrain, is the cingulate 


cortex, which deals with directing behaviour and pain. 


Advanced imaging techniques developed in the late 
20th century allowed researchers to peer into healthy 
brains as volunteers carried out different cognitive 
tasks. This has not only given us a more detailed map 
of where different skills arise in the brain, but has 
allowed us to begin to tackle how different regions 
are connected to each other. 


This is important because we now know that, while 
different tasks are carried out by different cortical 
regions, for instance, these tasks are combined 
smoothly: depth, shape, colour and motion all merge 


into a 3D image of the scene, for example. We recognise 


objects with no awareness ofthe fragmented nature 
ofthe brain's efforts. Precisely how this is achieved is 
called the “problem of binding" and is a challenge for 
the next generation of neuroscientists. I 


LEFT OR 
RIGHT BRAIN 


Chances are, you have heard of the distinction 
between being left or right-brained — rational 
and logical versus creative and free-spirited — 
and perhaps even put yourself in one camp 

or the other. But appealing as this division is, 
itis a complete myth. 

It is easy to see how the idea was born. In 
the 1960s, we discovered that certain functions 
occur solely on one side of the brain. Most 
people process language in the left hemisphere 
of the cortex, whereas our emotions are dealt 
with in the right. It was soon said that our left 
hemisphere held a monopoly over the virtues of 
logic, reason and language. The right side of the 
brain was responsible for driving our emotions, 
musicality and impulsiveness. From this came 
the popular maxim that whichever side of your 
brain dominated determined your personality. 

The truth is more nuanced. For instance, 
although your left hemisphere produces 
complex speech, the right allows you to 
understand the emotional and metaphorical 
content of those words - it gives you some 
linguistic finesse. Creative thought, on the other 
hand, activates a widespread network of cells 
that favour neither hemisphere. 

The two hemispheres of the brain are 
constantly sharing information via the corpus 
callosum, a tract of about a million axons 
(a neuron's wire-like cell-body) that forms 
a communications bridge between the two 
cerebral hemispheres. 

There is no evidence that one side of the 
brain dominates. The truth is, we all use all 
of our brain, all of the time, although not all of 
it at once. Differences in our personalities and 
preferences are now thought to be better 
explained by the way various brain systems 
are connected and how rich those links are. 
Studies of the brain's “connectome” aim to 
probe these links further. 
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The Latin word "cerebellum" means "little brain". We used to think that this small area of 
the hindbrain controlled only movement. But the latest thinking suggests it plays a much 
larger role, being involved in everything from planning to social interactions. 


THE ROLE OF 
THE CEREBELLUM 


HEN we search for the seat 
of humanity, are we looking 
atthe wrong part ofthe 
brain? Most neuroscientists 
assume that the brain's 
distinctive, folded outer 
layer, the cortex, is the 
thing that makes us 
uniquely human. 

But in 2014, Rob Barton at 
Durham University and Chris Venditti at the University 
of Reading, both in the UK, noted that while the cortex 
and the cerebellum (a small area of the hindbrain 
beneath the cortex) grew in tandem during the 
evolution of monkeys, when the first apes came on 
the scene around 25 million years ago, the cerebellum 
started to expand rapidly and outstrip cortical growth. 

The cerebellum is heavily involved in the control 
of muscles, particularly in coordination. Barton 
suggests the trigger may have been the first apes 
learning to swing from branch to branch, as modern 
gibbons do. This skill requires an ability to predict 
what is likely to happen next, and to make fast 
adjustments as new information comes in. 

Neuroscientists believe that the cerebellum achieves 
this by computing the most likely outcomebasedon > 
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Throughout the cerebellum are neat rows of identical "modules" based 
around neurons called purkinje cells. These modules predict the outcome of 
different actions. Sensory information and error messages help improve the 
predictions. Each module connects to a different part of the cortex 


PARALLEL FIBRES 


PURKINJE CELLS 


CLIMBING 
FIBRES 


ERROR MESSAGES 


previous experience using so-called forward models. 
Once it has those models in place through learning, 
itcanthen update and amend them depending on 
what is happening now. 

Importantly, once you have the general concept 
that things happen in a particular sequence, this can 
be applied to all kinds ofthings. Some even claim that 
the workings ofthe cerebellum are behind our greatest 
achievements, things like science and culture, that we 
had thought our cortex was responsible for. 

Studies tracing neural connections back this up. They 
show that only a small proportion ofthe cerebellum is 
wired up to the brain region that coordinates deliberate 
movements. The vast majority of it connects to regions 
ofthe cortex that are involved in cognition, perception, 
language and emotional processing. 

A brieflookat the cerebellum's structure shows how 
itexpanded so rapidly. Compared with the rest ofthe 
brain, the cerebellum is remarkably neat and tidy. 


CORTEX 


CEREBELLUM 


SENSORY INFORMATION 


Vineyard-like rows of bushy neurons called purkinje 
cells are linked by parallel fibres coming from the 
senses, as well as vertical climbing fibres, which are 
thought to update internal models elsewhere in the 
brain (see diagram, above). 

This structure is copied and pasted across the entire 
cerebellum, with processing units set up like banks of 
computers, spitting out predictions all day long. This 
suggests that ifthe cerebellum is learning to automate 
rules for movements, it is probably doing likewise for 
social and emotional interactions, creating models 
we can call up, adapt and use at lightning speed. 

This means that we don't have to expend much 
energy processing subtle social cues, or working out 
howto respond to the scene in front of us. Instead, 
we apply rules we have already learned, and only look 
atthem afresh if something unexpected happens. 

In short, the cerebellum is automatic thinking, 
outsourced to the experts. Ш 
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SEMNIC/ISTOCK PHOTO 


BRAIN-IMAGING 
TECHNIQUES 


Thanks to advances in technology in recent decades, scientists can now peer inside the 
brain as it goes about the business of thinking, feeling and understanding the world. 


EFORE brain-scanning techniques 
came along, researchers reliedon 
patients with brain damage caused 
by strokes, head injuries or illnesses 
to determine which brain areas are 
required for certain functions. 

One famous example was the 
case of Phineas Gage, a 19th-century 
railroad worker who lost part ofthe 
front of his brain when a 1-metre-long 
iron pole was blasted through his head during an 
explosion. He recovered physically, but was left with 
permanent changes to his personality, showing for 
the first time that specific brain regions are linked 
to different processes. Similarly unfortunate people 
helped to reveal the regions connected to emotions, 
dreams, memory, language and perception, and to 
even more enigmatic events, such as religious or 
"paranormal" experiences. 

In the early 1920s, it became possible to measure 
what was happening in particular regions ofthe 
brain in real time, thanks to the invention of the 
electroencephalogram, or EEG. This is a series of 
electrodes placed on the scalp, which detect the 
wave-like electrical patterns of large numbers of 
neurons firing at the same time. 

Brainwaves are classified by their different frequencies, 
which correspond with different kinds of processing. > 
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Alpha waves, for example, are common while we are 
relaxed and reflective, while gamma waves suggest 
active thought and delta waves are a sign of sleep. 

While EEGs don't pinpoint precisely where the 
activity is coming from, they allow neuroscientists to 
follow patterns of synchronised activity in real time as 
they move across the brain. Synchronising the activity 
in different brain regions is important to tie together 
information from different senses to help us perceive 
our surroundings as a coherent whole ratherthan a 
collection of individual pieces of information. 

Other brain-scanning technologies came along 
laterin the 20th century and added more pieces to 
the puzzle. Magnetic resonance imaging (MRI) scans, 
computed tomography (CT) scans and diffusion 
tensor images (DTI) use the magnetic signatures of 
different tissues, X-ray absorption orthe movement 
of water molecules in those tissues to provide static 
images ofthe brainthat allow us to virtually slice 
and dice living brains. 

Functional magnetic resonance imaging (fMRI), 
which became more widely available in the 1990s, 
monitors blood flow across the brain in realtime, 
while a person does various tasks. When you havea 
thought, the neurons involved repeatedly fire, which 
burns alot of energy. As a result, blood rushes to these 
areas to make sure they have enough oxygen and 
nutrients. This increase in blood shows up in fMRI 
scans and can hint at what type ofthought someone 
is having. If they are looking at a picture, you will see 
activity in the visual cortex, for instance. li 


HOW 
NEURONS 
WORK 


While looking at the overall structure 

of the brain can reveal a great deal about 
what happens in there, the devil is very 
much in the detail. To really understand 
how the brain works, it requires going down 
to the level of the individual brain cells - 
chief among them the neurons - and how 
they are connected to each other. 


HE modern era of neuroscience began 
with the work of Spanish anatomist 
Santiago Ramón y Cajal around the dawn 
ofthe 20th century. Ramón y Cajal was 
the first to draw the neurons that make 
up the basic scaffolding ofthe brain, 
creating beautiful sketches oftheir 
branching, tree-like structures and 
showing that each cell forms a part 

ofa connected network. 

The cell bodies of neurons make up the brain's "grey 
matter", areas where particular types of processing 
happen. Neurons also havelong protrusions of nerve 
fibre, called axons, which not only connect to other 
nearby neurons but also make up white matter, 
the tissues containing long-range links that allow 
electrical signals to flow to distant areas ofthe brain. 
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Cajal found that neurons have a diversity of forms 
thatisn't found in the cells of other organs. Most 
surprisingly, he noted that insect neurons matched 
and sometimes exceeded the complexity of human 
brain cells. This suggested that our abilities depend 
on the way neurons are connected, not on any special 
features ofthe cells themselves. Ramón y Cajal's 
"connectionist" view opened the doorto a new way 
of thinking about information processing in the brain, 
one that still dominates today. 

While investigating the anatomy of neurons (see 
diagram, above), Ramón y Cajal proposed that signals 
flow through neurons in one direction. The cell body 
andits branched projections, known as dendrites, 
gather incoming information from other cells. 
Processed information is then transmitted along the 
neuron’s long axon to the synapse, where the message 
is passed to the next neuron. Well-used pathways and 
long-distance neurons have a fatty layer added to the 
axon, called myelin, which allows the messages to 
travel faster by "hopping" along the axon in sections. 
These fatty neurons make up the brain's white matter. 

It took until the 1940s and 19505 for neuroscientists 
to getto grips with the finer details ofthis electrical 
signalling. We now know that the messages are 
transmitted as brief pulses called action potentials. 
They carry a small voltage -just 0.1 volts -and last 
only a few thousandths ofa second, but they can 
travel great distances during that time, reaching 
speeds of120 metres per second. 

The nerve impulse's journey comes to an end when 


MYELIN SHEATH 


AXON ENDING 
FORMS SYNAPSE WITH 
NEXT NEURON 


Neurons gather information from surrounding cells 
through branched projections known as dendrites. 
Processed information then passes through the neuron's 
long axon, covered by its fatty myelin sheath, to synapses 
that connect with the next neuron 


it hits a synapse, triggering the release of molecules 
called neurotransmitters, which carry the signal 
across the gap between neurons. 

Once they reach the other side, these molecules 
briefly flip electrical switches on the surface ofthe 
receiving neuron. This can either excite the neuron 
into sending its own signal, orit cantemporarily 
inhibit its activity, making it less likely to fire 
in response to other incoming signals. 

Some neurochemicals work in the synapse, 
passing specific messages from release sites to 
collection sites called receptors. Others also spread 
their influence more widely, like a radio signal, 
making whole brain regions more or less sensitive. 

Each ofthese pathways is important for directing 
the flow ofinformation that ultimately makes up our 
thoughts and feelings. The complexity ofthe resulting 
network is staggering. With 86 billion neurons in our 
brains, each with around 1000 synapses, the result is 
close to 100 trillion inter-connections. If you started 
to count them at one per second, you would still be 
counting 30 million years from now. 

There are many different types of neuron that 
may themselves have different functions (see 
"Social superhighways”, page 16). Scientists have 
found 75 different types of cells in the neocortex alone, 
and there are no doubt plenty more to be discovered. 
In 2017, researchers identified a new type of brain cell, 
dubbed a rosehip neuron dueto its resemblance to the 
shape ofa rosebush fruit. It may only exist in humans. 

Neurons are the main electrically active cells ofthe » 
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brain, and get alot ofattention for doing the hard work. 
Butthey are far from the only type ofbrain cellin our 
skulls-and they aren't the only ones that contribute 

to thinking and learning. 

There are plenty of cells in the brain that aren't 
electrically active, collectively known as glia. They 
are atleast as numerous as neurons. Once thought to 
be support cells and gap fillers (glia comes from the 
Greek word for glue), they are now known to amplify 
neural signals and to be as important as neurons in 
mental calculations. 

These long-underappreciated cells come 
in various shapes and sizes. Small ones called 
microglia, for instance, roam the brain gobbling 
up foreign materialto protect the neurons. 

Others, called astrocytes, take care ofthe neurons' 
environment too, controlling levels of chemical 
messengers known as neurotransmitters and helping 
to repair damage. Evidence is mounting that these 
cells also play a role in the development ofhuman 
intelligence. We know that babies start off with many 
connections between their neurons and that these 
are gradually pruned down to create smaller numbers 
of stronger signalling pathways. Astrocytes, it seems, 
are involved in this pruning. 

All that cell activity is supported by the holes in your 
head. Deep inside the brain are slim chambers called 
ventricles that produce the fluid that bathes the cells 
of your brain. We make as much as 500 millilitres of 
this cerebrospinal fluid daily, which keeps everything 
in working order by providing cushioning and 
nutrients and washing waste away. 

Through the actions ofa multitude of cells, chemical 
transmitters and modulators, the brain is constantly 
changing, allowing us to adapt to the world around us, 
making each brain - and each person -totally unique. li 


SOCIAL 
SUPERHIGHWAYS 


Intriguingly, one type of rare, oversized neuron 
seems to be particularly involved in emotions and 
empathy, and some scientists believe it may play 
an important role in human consciousness. 

These neurons are called spindle cells, or 
von Economo neurons (VENs) after Constantin 
Freiherr von Economo, the Austrian anatomist 
who first spotted them. They are big - at least 
50 per cent, and sometimes up to 200 per cent, 
larger than typical human neurons. 

While most neurons have a pyramid-shaped 
body with a finely branched tree of connections 
called dendrites at each end of the cell, VENs 
have a longer, spindly cell body with a single 
projection at each end with very few branches. 

These neurons are rare, making up just 1 per 
cent of the neurons in the two small areas of the 
cortex, the anterior cingulate cortex and the 
fronto-insular cortex, both of which are heavily 
involved in processing social emotions such as 


love, lust, anger and grief. Both regions are 
active when a person recognises their reflection 
in the mirror, suggesting that these parts of the 
brain underlie our sense of self — a key 
component of consciousness. 


In the brain, big usually means fast, so one 
idea is that they could be acting as a fast relay 
system - a kind of social superhighway - that 
allows the gist of the situation to move quickly 
through the brain, enabling us to react intuitively 
on the hop, a crucial survival skill in a social 
species like ours. 

Once thought to be unique to humans, 
VENs have since turned up in chimpanzees and 
gorillas, as well as in elephants and some whales 
and dolphins. Many of these species live in big 
social groups and show signs of the same kind of 
advanced behaviour once thought to be uniquely 
human. Research into these unusual neurons 
and their role in our rich mental lives is ongoing. 
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THE BRAIN 5 


WIRING 
DIAGRAM 


A map of the brain's wiring would help us 
to understand how electrical activity in a 
mass of connected cells adds up to the 
complexities of human experience. The 
problem is that it is complicated. In recent 


years, neuroscientists have added advanced 


mathematics to their toolkit to start to 
reveal the basics of how it works. 


F YOU stretched out all the nerve fibres in 

the brain, they would wrap fourtimes around 
the globe. Crammed into the skull, this wiring 
looks like a tangled mess, but in reality the 
human brain is a highly organised, efficient 
machine. No circuit is laid without good reason. 
Ifitappears tangled, that is only because we 
haven't managed to unravel its tens of billions 
of wires and hundred trillion connections 

well enough to explain how it works. 

That would be a huge feat, but the rewards would 
provide more than just a map ofthe most complex 
object in the known universe. Understanding the 
brain's connections would begin to teach us how 
its flashes of electricity add up to a fully conscious 
experience, one in which our senses, intuition, 
reasoning and memory interact to give a coherent 
view ofthe world. We would have not only a road 
map ofthe brain, but a way to keep track ofthe 
traffic conditions and any roadblocks. 

The map ofthe connectivity ofthe brain began 
in 2005, when cognitive neuroscientist Olaf Sporns 
at Indiana University Bloomington called for a 
concerted effort to map every connection in living 
brains, to produce what he called the "connectome". 

Sporns got his wish in 2009, when the US National 
Institutes of Health launched the Human Connectome 
Project. It carried out brain scans on thousands 
of volunteers and stored the resulting maps in a 
databank that researchers can useto test ideas 
about how brain structure relates to function. 

By 2016, the data had helped identify 180 brain 
areas, 97 of which were previously unknown. 

Almost all studies ofthe connectome have one 
thing in common: they use a mathematical approach 
called graph theory to describe the brain's wiring. » 
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This breaks networks down intoa series ofdots 
and connecting lines, or “nodes” and "edges" in 
graph theory parlance. 

Graph theory has been used to yield insights 
into other complex networks, clarifying how ideas 
propagate via social media and how infectious 
diseases spread. Applied to the brain, it revealed 
that the connectome is what mathematicians call 
a “small world network”. 

The hallmark of a small-world network is the 
relatively short path between any two nodes. You have 
probably already heard ofthe famous "six degrees of 
separation" between you and anyone else in the world, 
which reflects the small-world structure ofhuman 
societies. The average number of steps between any 
two brain regions is similarly small, and slight 
variations in this interconnectivity have been 
linked to measures of intelligence. 

That may be because a small-world structure 
makes communication between different areas of a 
network rapid and efficient. Relatively few long-range 
connections are involved. Just one in 25 nerve fibres, 
the white matter, connect distant brain regions. 

The rest form connections within the grey matter 

of specific brain regions. Long nerve fibres are costly 

to build and maintain, so a small-world-network 
architecture may bethe best compromise between 

the cost ofthese fibres and the efficiency of messaging. 

The brain's long-range connections aren't 
distributed evenly over the brain, though. Sporns 
and Martijn van den Heuvel at the University Medical 
Center Utrecht in the Netherlands, discovered that 
clusters ofthese connections form a strong "backbone" 
that shuttles traffic between a dozen principal brain 
regions (see diagram, right). The backbone and 
these brain regions are together called a "rich club”, 
reflecting the abundance of its interconnections. 
Shorter connections may make it easier for the 
brain to integrate information. 

Graph theory can only take us so far, however. 


The brain's wiring allows for the rapid transmission of information, with a 
set of particularly well-connected hubs, known as the rich club, directing 
much of the traffic between different parts of the brain 


This group may be crucial for integrating all the thoughts and feelings 
that make up our conscious experience 


While it has been incredibly useful for describing 
processing in densely connected brain regions that 
are also close spatially, or are working on a similar 
problem, it doesn't explain how the brain integrates 
information from further afield. 

Imagine, for instance, that your dog's leash breaks 
while you are out walking. Thinking up a solution 
requires you to conjure up a mental image of a 
substitute - something long, thin, flexible and strong - 
while combing your memory for what might fit the 
bill. An ivy stem, maybe? Or how about a belt? We 
know that circuits in the frontal lobe ofthe cortex, 
the seat of logical, goal-directed thinking, assess the 
ideas in turn to see which will work. But graph theory 
is silent on how the brain shifts between processes 
like recalling memories, planning and visualisation. 


18 | New Scientist Essential Guide | The Human Brain 


Mathematical techniques are giving us remarkable 
insights into how the brain is wired up 


Graph theory has revealed dense short-range 
connections within brain areas, but not the way 
one area is linked to another 


Now studies using topology have identified 
those long-range connections. They form loops 
with "holes" at the centre 


That means signals must travel around a hole's 
periphery - no shortcuts across the gap. This 
might explain how the brain combines inputs from 
multiple senses without getting confused 


Danielle Bassett, a neuroscientist at the University 
of Pennsylvania in Philadelphia, wondered if a different 
kind of maths could help. The field that caught her eye 
was topology, a branch of maths that offers something 
alittle different from graph theory. 

We are used to thinking of shapes in terms of 
geometry, categorising them using the angles of 
their corners and lengths oftheir sides. But to a 
topologist, the distances between points in a shape 
are unimportant; what matters is that they remain 
connected in the same order. So, topologically 
speaking, a bagelis the same shape as a coffee cup. 
Ifthe cup is made ofa squishy material, allowing you 
to pullits handle and squash its body, you would be 
ableto form a bagel without breaking the outline or 
making any new joins. In effect, topology emphasises 
gaps in connections; the cup handle and the centre of 
the bagel arethe important bits, so to speak. Start with 
these gaps, and you can quickly see the ring-like shapes 
that encircle them. 

Bassett noticed that her colleague at the University 
of Pennsylvania, mathematician Robert Ghrist, had 
begun to apply topology in new ways – to map dead 
zones in mobile phone signal coverage, for example. 
She wondered if it could prove rewarding to look at 
the connectome's dead zones, too. 

To find out, Bassett and herteam scanned the 
brains of eight healthy adults and identified the 
same 83 brain areas in all ofthem, including sensory 
regions such as the visual cortex and areas deeper in 
the brain that are involved in memory and emotional 
processing. They then mapped the white matter 
pathways that linked them and analysed the network 
using the rules of topology. 

The first things they found were those familiar, 
highly connected brain areas. Then, they reanalysed 
them so that areas that were densely connected to 
each other were considered as single processing 
units: “cliques”, in the language of topology. 

Next, they turned their attention to the gaps that > 
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topology highlights. They saw something totally new: 
holes in the connectome that serve to separate cliques 
from each other. These "cycles" are encircled by loops 
of connections of assorted shapes and sizes (see the 
diagram on the previous page). 

Bassett's team identified four ofthese loops that join 
deeper parts ofthe brain to the outer cortex, and one 
that loops around the outer cortex. Some were simple 
loops, while others were complex three-dimensional 
shapes that took in many different brain regions. 

The same cycles turned up in all the volunteers, 
which suggests they are there for a purpose. Bassett 
speculates that the reason cliques are kept separate is 
to avoid crosstalk between those that are carrying out 
different kinds of processing. A cute example, says 
Bassett, is that if you had too much connectivity 
between the brain areas that deal with taste and 
vision, “you could get confused and start feeling 
that you’re seeing what you are eating”. 

Crucially, information travelling between cliques 
has to flow neatly around the periphery ofa cycle; it 
can't take a short cut across the gap. Bassett thinks this 
might allow the brain a certain amount of control over 
when to integrate information and how. Think back to 
that broken dog leash - the cycles could explain how 
the brain sifts through the options to make a decision 
without everything getting confused. 

Let's say that your peripheral vision spots a snake 
in the grass. Messages from the visual cortex inform 
the amygdala, the brain’s burglar alarm that perceives 
threats, that something requires immediate attention. 
This snaps focus to the threat, while informing the 
motor cortex to move your body out of the way. 
Meanwhile, the frontal cortex, the brain’s decision- 
maker, comes online, consults memory and spots 


that what you have seen is actually a stick. Finally, it is 
back to the amygdala, which turns off the panic button. 
We know all this must happen, but not how. Bassett 
thinks cycles might be the answer. 

Some of the cycles seem to connect brain areas we 
know are involved in executive function, a collection 
of mental processes that allow us to plan and to control 
impulses, attention and fear. The old view was that each 
area worked separately, without much crosstalk 
between them. This work suggests that they aren't 
necessarily segregated, but just connected by very long 
loops, says Bassett. Intriguingly, we know that the brain 
areas involved in executive function are reorganised 
during adolescence. Further research should reveal 
whether this is the time when cycles start to form. 


> 
See page 28 for more on the adolescent brain 


All this could have medical uses too. The existence 
of cycles opens up the possibility that their shape 
might reveal changes in connectivity that underlie 
problems like depressive conditions, schizophrenia 
and attention deficit hyperactivity disorder (ADHD). 
These conditions are characterised by problems in 
the way that the frontal areas of the brain regulate 
emotional processing, and it is possible that the cycles 
linking them are part of the problem. If so, it could 
make diagnosing these conditions - most of which 
are based on a list of symptoms - vastly more reliable. 
There is much still to learn about the connectome. 
But by combining the latest imaging technologies 
with complex mathematics, it may one day be possible 
tounderstand how this tangle of cells creates our 
uniquely human minds. I 
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— CHAPTER 2 


AU human brains develop to more or less the same genetic blueprint, 
handed down through millions of years of evolution - starting from 
before birth and continuing (we hope] into ripe old age. 


When it comes to what makes our brains vary from each other, and 
over time, the lives we lead make all the difference. Other factors, 
such as biological sex, aren't perhaps what they are made out to be. 
But let's begin at the beginning... 
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THE BRAIN 
BEFORE BIRTH 


By the time we take our first 

breath, our brains are more than 
eight months old. They have already 
begun a remarkable lifelong journey 
of learning and adaptation. 


HE brain starts to take shape within 
four weeks of conception, when one of 
three layers ofcells in the embryo rolls 
up to form what is known as the neural 
tube. A week later, the top of this tube 
bends over, creating the basic structure 
offorebrain, midbrain and hindbrain. 

In the first two trimesters of 
pregnancy, development is allabout 
putting the basic building blocks in 
place: growing neurons and connections and making 
sure each section ofthe brain grows properly and in 
the right area. 


c 


Turn back to page 6 to recap the basic 
structures of the brain and their functions 


This process is largely controlled by genes, but it takes a 
huge amount of energy and a variety of nutrients in the 
right quantities at the right time. If you consider the 
size of the construction job at hand -billions of brain 
cells and several million support cells in four major 
lobes of the cortex and tens of distinct subregions - it is 
atruly staggering feat of evolutionary engineering. 
Atthis early stage, the mother's nutrition is important. 
Folic acid is crucialto allow the embryo to closethe 
neural tube. Deficiencies can lead to conditions like 
spina bifida, where part of the spine grows outside > 


MARIO WAGNER 
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“Growing the brain is 
an extraordinary feat of 
evolutionary engineering 


the body, and anencephaly, a fatal disorder in which 
much ofthe brain fails to develop. There is some 
evidence that vitamin B12 deficiency has similar effects. 

When the brain gets stuck into building itself, 
evidence from animal studies suggests that 
malnutrition - particularly a lack of protein - stunts 
the growth of neurons and connections, and that iron 
and zinc are also needed for neurons to migrate from 
where they form to their finallocation. Meanwhile, 
long-chain polyunsaturated fatty acids are required 
for synapse growth and membrane function. 

Atthis sensitive stage, excesses of nutrients can be 
as damaging as deficiencies. Poorly controlled diabetes, 
for example, can cause a potentially toxic excess of 
glucose in the developing brain. Environmental toxins, 
from alcohol and cigarette smoke to mercury and lead, 
can also disrupt the brain's development in utero, 
sometimes irreversibly. 

Stress, too, can be toxic. In animals, exposureto the 
mother's stress hormones can lead to anxious behaviour 
and hyperactivity in the offspring. A long-term study of 
more than 7000 mothers and babies by researchers 
at Imperial College London concluded that maternal 
stress may account for up to 15 per cent of diagnoses 
ofattention deficit hyperactivity disorder in children. 

Brain development in the womb isn't only 
about putting the brain's building blocks in place, 
however. Learning, memory formation and even 


language acquisition all begin in the womb, 
several weeks before birth. 

Learning can first be detected experimentally at 
about 22to 24 weeks of gestation. This is when fetuses 
will respond to a noise or a touch, but will ignore the 
same stimulus if it occurs repeatedly – а simple kind 
of memory called habituation. From around 32 weeks, 
fetuses show conditioning, a more complex kind of 
memory in which an arbitrary stimulus can be learned 
as a signal that something will happen, like a sound 
signalling a poke. Fetal memories for particular pieces 
of music and the mother's voice and smell have all 
been shown to form sometime after 30 weeks' 
gestation and to persist after birth. 

We know that babies start to notice language 
before birth because studies have shown that a 
newborn will suckle more vigorously if it hears its 
native language rather than a foreign one. It also 
learns to recognise the sounds of its mother's voice 
and other sounds ofthe home environment. 

While some companies selling "prenatal education" 
systems would like parents to believe that it is possible 
to educate a child in the womb, there is no direct 
evidence that such strategies provide a head start. 

In fact, there could be good reasons why the fetal 
environment provides a limited sensory experience. 
Too much stimulation may be harmfulto a brain 
that is already busy growing and developing. li 
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INSIDE THE 


MIND OF A CHILD 


Childhood is arguably the brain's most important period of development. 
During more than a decade of rapid growth and learning, every experience 
contributes to the person a child will ultimately become. 


IRTH alters brain function 
surprisingly little. The touch-sensitive 
somatosensory cortex is active before 
birth, but itis another two orthree 
months before there is any other 
activity in the cortex, the brain area 
that ultimately governs such things 
as voluntary movement, reasoning 
and perception. The frontal lobes 
become active at between 6 months 
anda year old, triggering the development of 
emotions, attachments, planning, working memory 
and attention. A sense of self develops as the parietal 
and frontal lobe circuits become more integrated, at 
around 18 months, and a sense of other people having 
their own minds at age 3 to 4. 

Life experiences in these early years help shape 
our emotional well-being, and neglect or harsh 
parenting may change the brain for good. Maternal 
rejection ortrauma early in life, for example, may 
affect a person's emotional reactions to stressful 
events later on, potentially predisposing them to 
depression and anxiety disorders. 

For better or worse, at this stage of life, the brain 
is the most energetic and flexible that it will ever be. 
Asa child explores the world around them their brain 
continues to grow, making and destroying connections 
at breakneck speed. 


The good news for parents is that there is no 
reason for your child to stop playing and start 
working. Studies have shown that a nurturing 
environment and one-on-one playtime with games 
like peekaboo, building blocks, singing nursery rhymes 
and shape sorting are all a child needs to increase IQ 
and foster a lifelong interest in learning. 

Indeed, some of humanity's cleverest inventions 
may have originated in child's play. 

Analyses of remains such as teeth from ancient 
hominins show that our species, Homo sapiens, enjoys 
anunusually long childhood. This seems to be no 
evolutionary accident: an extended infancy gives more 
time for imaginative play, and this has been shown 
totrain many important cognitive skills, including 
counterfactual thinking - the ability to ask ^what if..." — 
and the capacity to envisage different scenarios. 

Playing with toys adds another dimension to 
this process. It can also help a child understand 
mechanical properties, such as the motion ofa 
rolling ball, and practise social roles, such as parenting 
a doll. In experiments where children played with 
open-ended toys - building blocks that can be put 
together in many different ways, for example - they 
were better at solving so-called "divergent" problems, 
which have more than one potential solution. 

According to a theory advanced by Felix Riede, an 
archaeologist at Aarhus University in Denmark, » 
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who came up with the idea after watching his young 
son experiment with his toys, that kind of childish 
experimentation may have spurred on key adult 
innovations, such as arrowheads, spinning whorls 
for making fabrics and perhaps even the wheel. 

The oldest evidence of wheeled vehicles suggests 
that the technology emerged around 5500 years ago, 
across western Eurasia - in the northern Caucasus, 
Mesopotamia and central and northern Europe. But 
some two centuries beforehand, we see small models 
of animals with holes drilled through their feet for an 
axle, and ceramic discs that functioned as wheels. 


Riede's interpretation is that these were childhood toys. 


If so, like any toddler with a train set today, children 
playing with those toys would have been getting to grips 
with the mechanics of rotary motion. They might have 
used their toys to carry various objects, and practised 
different ways of propelling them -from the front or 
the back, for instance, orletting them roll down a slope. 
They might even have experimented with wheels of 
different sizes, or made from different materials. As the 
children grew up, those same skills would have helped 
them make the cognitive leap necessary to imagine a 
wagon, whereas a society that lacked those toys would 
have struggled to envisage a workable design. 

Research shows other ways to unleash the genius of 
the childhood brain, too. While the much-publicised 
"Mozart effect" -the idea spawned by a 1990s study 
that claimed listening to Mozart makes people 
smarter- has been debunked, learning to play music 
during childhood is a different matter. Multiple studies 
suggest that it has long-lasting effects on the brain, 
which some suggest may improve spatial, 
mathematical and reasoning skills. 

By the age of 6, the brain is 95 per cent of its adult 
weight and at the peak of its energy consumption. 
Around now, children start to apply logic and trust, 
andtounderstand their own thought processes. 

Their brains continue to grow and make and break 
connections as they experience the world. Grey 
matter volume peaks somewhere between the ages 
of11 and 14, when puberty kicks in, ushering in a 
major phase of brain reorganisation. li 


TRAVAILS OF 
TEENAGERS 


TOMMASO79/ISTOCK PHOTO 


Teenagers can sometimes be selfish, 
reckless, irritable and irrational - like the 
average human, only more so. Given the 
cacophony of construction going on inside 
the adolescent brain, that is no wonder. 
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SYCHOLOGISTS used to explain 

the particularly unpleasant 
characteristics ofadolescence as 
products ofraging sexhormones, 
since children reach near adult 
cerebral volumes well before puberty. 

More recently, though, imaging 
studies have revealed agamut of 
structural changes occurringinthe 
teens and early 20s that go along way 
towards explaining these tumultuous teenage years. 
At this time, our brains may be fully grown, but the 
wiring is certainly still a work in progress. 

Long-term brain-scanning studies have found that 
adolescence brings waves of grey-matter pruning, in 
which teens lose about 1 per cent oftheir grey matter 
every year until their early 20s. 

This cerebral pruning trims unused neural 
connections that were overproduced in the childhood 
growth spurt, starting with the more basic sensory 
and motor areas. These mature first, followed by 
regions involved in language and spatial orientation 
andlastly those involved in higher processing and 
executive functions. 

Amongthelastto mature is the dorsolateral 
prefrontal cortex at the very front ofthe frontal lobe. 
This area is involved in control of impulses, judgement 
and decision making, which might explain some of 
theless-than-stellar decisions made by your average 
teen. This area also acts to control and process 
emotional information sent from the amygdala - 
the fight-or-flight centre of gut reactions - which may 
account forthe mercurial tempers of adolescents. 

As grey matter is lost, though, the brain gains 
white matter (see diagram, right). This fatty tissue 
surrounds neurons, helping to conduct electrical 
impulses faster and stabilise the neural connections 
that survived the pruning. 

The editing process that takes place in the teen 
years seems to select the brain’s best connections 
and networks, resulting in a brain that is sleeker and 
more efficient. This represents a trade-off: by pruning 
connections, we lose some flexibility in the brain, > 


While pruning of underused pathways means we lose grey matter 
(brain cells), an increase in white matter speeds electrical impulses 


and stabilises connections 
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but the proficiency of signal transmission improves. 

Studies suggest that the most profound editing 
appears to occur in the busiest hubs ofthe brain in 
areas that link various regions together, making 
them faster and better connected. 

Genes that have been linked with schizophrenia 
are also particularly active in these hub areas, which 
could mean that errors in the way brain connections 
are edited during the adolescent years could predispose 
some people to this condition. It may also explain why, 
for some people, the first signs of schizophrenia appear 
in adolescence, when pruning peaks. 

These changes have both benefits and pitfalls. At this 
stage oflife, the brain is still childishly flexible, so we are 
still sponges for learning. On the other hand, the lack of 
impulse control may lead to risky behaviours, such as 
drug and alcohol abuse, smoking and unprotected sex. 

Substance abuse is particularly concerning, 
as brain imaging studies suggest that the motivation 
and reward circuitry in teen brains makes them 
almost hardwired for addiction. 

Throw іп а lack of impulse control, poor judgement 
anda woeful underappreciation of long-term 
consequences and you have a hooked teen. And since 
drug abuse and stressful events — even a broken heart - 
have beenlinked to mood disorders later in life, this 
isthetime when both are best avoided. 

On the plus side, as teens rush towards adulthood 
and independence, they carry with them the raw 
potential to sculpt their brains into lean, mean 
processing machines. 

Making the most of this time is a matter of 
throwing all that teen energy into learning and new 
experiences — whether that means hitting the books, 
learning to express themselves through music or art, 
or exploring life by travelling the world. But whether 
they like it or not, while their decision-making circuits 
are still forming, tender teen brains still need to be 
protected, if only from themselves. Ш 


THE ADULT 
BRAIN 


The brain is a "use-it-or-Lose-it" organ. 
AU the evidence suggests that adulthood 
is the time to guard your brain's health 
With your life, to maximise your chances 
of a happy and healthy old age. 


Cognitive ability, as measured by the battery of tests that make up the mini 
mental state examination, declines faster with every passing decade 


Of a maximum score of 30, a decline of 4 points is considered clinically significant 
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AD news for all the adults out 

there: the peak of your brain's powers 
comes at around age 22 and lasts for 
just half a decade. From there, it is 
pretty much downhill all the way. 

But it can't be as simple as that. 

Some people reach a ripe old age with 
little morethan the odd "senior 
moment". What is their secret? 

Thelong, slow decline begins at 
about 27 and runs throughout adulthood, although 
different abilities decline at different rates. 

Curiously, the ones that start to go first -those 
involved with executive control, such as planning and 
task coordination —are the ones that took the longest to 
appear during yourteens. These abilities are associated 
with the prefrontal and temporal cortices, which are 
still maturing well into your early 20s. The effects start 
to become measurable sometime in your 40s. 

Episodic memory, which is involved in recalling 
events, also declines rapidly, while the brain's 
processing speed slows down and your working 
memory is able to store less information. 

This may be down to changes in neural stem 
cells in the brain's hippocampus. These continue to 
produce new neurons throughout life, and are thought 
to play an important role in forming new memories. 
Research in rodents suggests that as we get older, these 
cells make fewer and fewer neurons, and this seems 
to belinked to declining cognitive skills in later life. 

So just how fast is the decline? According to research 
by Art Kramer, a psychologist at the University of Illinois 
at Urbana-Champaign, and others, from our mid-20s we 
loseupto one point per decadeona test called the mini 
mental state examination (see diagram, left). This is a 
30-point test of arithmetic, language and basic motor 
skills that is typically used to assess how fast people 
with dementia are declining. Athree to four point drop 
is considered clinically significant. In other words, the 


decline that people typically experience between 
the ages of25 and 65 has real-world consequences. 

How resistant you are to the effects ofthis decline 
is likely to be associated with your cognitive reserve. 
This is a kind of mental buffer that allows your brain 
to sustain more damage before you notice changes 
in your cognition. 

Cognitive reserve isn't just down to someone 
having more neurons than another person, but also 
to how welltheir neurons engage with each other 
across different networks in the brain. This allows the 
brain to compensate when age-related decline occurs 
or disease takes hold, and helps reroute information 
so that the organ can continue to work optimally. It is 
a bit like boosting the processing power in a computer: 
more things can go wrong before you start to notice 
it slowing down. 

Our environment can also influence cognitive 
reserve. A high level of education offers one of the 
biggest boosts, whereas obesity and insulin resistance 
seem to reduce it. Several genes also help us resist 
cognitive decline. Tiny genetic variations are associated 
with our susceptibility to Alzheimer’s as well as with 
how the brain utilises energy reserves and reacts to 
injury and pathogens. 

Brain shrinkage over time sounds bleak, 
but there is some good news. The abilities that 
decline in adulthood rely on “fluid intelligence" - 
theunderlying processing speed of your brain. But 
so-called "crystallised intelligence", which is roughly 
equivalent to wisdom, heads in the other direction. 

So even as your fluid intelligence sags, along with your 
face and your bottom, your crystallised intelligence 
keeps growing along with your waistline. The two 
appear to cancel each other out, at least until we 

reach our 60s and 70s. Ё 


= 
See chapter 4 for more on intelligence 
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BABY BRAIN AND MENOPAUSE MIND 


Life experience can have a 
measurable effect on the brain - 
and there are few experiences as 
life-changing as giving birth. 
Research in the late 1990s found 
that women's brains shrink by up to 
7 per cent during pregnancy. This 
fact was widely reported at the 
time as the cause of "baby brain”, 
the oft-reported memory and 
concentrations difficulties 
experienced by pregnant women and 
new mothers. More recent research, 
though, has found that the brain 
regains its normal size by around 
6 months after birth. What's more, 
MRI studies have found that between 
about three weeks and four months 
after birth, certain brain regions 
actually bulk up, including those 
that play a role in reasoning 
and judgement, empathy and 
regulating emotions. 
Researchers suggest that these 


changes are driven the tide of 
hormones unleashed during 
pregnancy, including oestrogen, 
which soars to levels that are 
hundreds of times higher than 
normal, and oxytocin, a hormone 
that primes the brain to respond 
rapidly to the needs of offspring. 
Years later, at the onset of 
menopause, oestrogen levels 
plummet, with effects on memory, 
mood and concentration. These 
changes resemble Alzheimer's so 
closely that some researchers think it 
may signal the start of the disease. 
Oestrogen is known to have a 
protective effect on the brain. One 
form of oestrogen, oestrodiol, 
increases the activity of mitochondria 
in neurons – the energy factories of 
the cell, which also help cells recover 
from stress or damage. The dramatic 
drop in oestrogen may therefore leave 
the brain more susceptible to damage. 


Other evidence suggests that 
the lack of oestrogen prompts the 
brain to change its fuel supply, 
from glucose to fatty acids, which 
are less efficient as an energy source. 
In mice, this prompts the brain to 
strip myelin - the fatty sheath that 
increases the speed of nerve 
impulses - from its own cells. 

The brain literally consumes 
itself for fuel. 

It is too early to know whether 
these hormonal changes have the 
same effects in humans, and whether 
they explain why women are more at 
risk of Alzheimer’s disease. We know 
that two thirds of sufferers are 
women, but while most women who 
live long enough go through 
menopause, not all women go on to 
develop the disease. Future research 
aims to untangle these mysteries in 
ways that could provide medicines to 
help protect women's brains. 
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By 65, most people will start to notice the signs of brain ageing: you forget people’s 
names and the teapot occasionally turns up in the fridge. But as compensation, 
the old adage that age brings wisdom has more than a grain of truth in it. 


EFFECTS OF 
OLD AGE 


GEING inevitably brings changes 
tothe human brain. There is some 
declinein the blood vessels servicing 
it, and in the quantity of myelin, the 
fatty material that insulates the nerve 
fibres. The brain reduces slightly in 
volume. We lose cells in critical areas 
such as the hippocampus, where 
memories are processed. From the 
age of 40, our brains begin to shrink 
at a rate of 5 per cent per decade. The process seems to 
accelerate after the age of 70. It affects the entire brain, 
although some regions seem especially vulnerable. 
Meanwhile, as we age, the grooves all over the brain’s 
surface widen, and there is a slight expansion ofits 
fluid-filled cavities (called ventricles). Age also reduces 
the speed at which nerve signals travel, and there is 
a general decrease in coordination between different 
brain regions, which could explain why memory 
recall gets ever more challenging as the years go by. 


However, while memory may start to decline as 
early as our 20s or 30s, according to psychologists, 
experience and general knowledge compensate until 
at least our 50s or 60s. Functional imaging shows that 
the older brain does this by recruiting more areas to 
work on the problem. At some point, though, the 
losses start to make themselves felt. 

The good news is that the brain is doing it all it can 
to ensure a contented retirement. During the escapades 
of your 20s and 30s and the trials of midlife, it has been 
quietly learning how to focus on the good things in life. 

By 65, we are much better at maximising the 
experience of positive emotion. Experiments suggest 
that people over the age of 60 tend to remember fewer 
emotionally negative photographs compared with 
positive or neutral ones than younger people do. 

MRI scans showed why. While the over 60s showed 
normal activation in the amygdala, a brain region 
involved in processing emotion, its interaction with 
other brain areas differed: it interacted less with the 
hippocampus than it did in younger people and more 
with the dorsolateral frontal cortex, a region involved 
in controlling emotions. 

This may be a result of more experience of 
situations in which emotional responses need to 
be kept under control. Older people really do see 
the world through rose-tinted glasses. 

So while nobody wants to get older, it isn’t all doom 
and gloom. In fact, you should probably stop worrying 
altogether. Studies show that people whoare more > 
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laid back are less likely to develop dementia than the 
perpetually stressed. In one study, people who were 
socially inactive but calm had a 50 per cent lower risk 
of developing dementia compared with those who 
were isolated and prone to distress. This is likely to 
be caused by high levels of cortisol induced by stress, 
which may cause shrinkage in the anterior cingulate 
cortex, an area linked to Alzheimer's disease and 
depression in older people. 


-» 
Chapter 5 has more on mental health conditions 


Continuing to educate yourselfthroughout your 

life appears to provide one ofthe biggest benefits, 
but playing a musical instrument, socialising, getting 
theright amount of sleep and speaking more than 
one language also help. Lifestyle also plays a part. 
Eating a decent diet and avoiding cigarettes, booze 
and mind-altering drugs seem to slow down the 
inevitable decline. 

Some lucky people seem to escape the worst 
altogether. When 115-year-old Hendrikje “Henny” 
van Andel-Schipper died in 2005, she was the world's 
oldest woman. An autopsy of her brain revealed little 
vascular damage, almost no build-up ofthe proteins 
linked to degenerative diseases, such as Alzheimer's, 
and cell counts that seemed normal for an average 
60 to 80-year-old. 

Van Andel-Schipper is an example ofa superager. 
To qualify, a person must be overthe age of 80 but 
perform as well as 55-year-olds in memory tests. Brain 
scans suggest that superagers somehow resist the 
normal processes of ageing, showing significantly 
lower rates of shrinkage, for example. It is unclear why. 
Not all superagers have a high IQ or high-flying careers 
and clean lifestyles. Scientists are still searching for 
clues to their secrets, but while we wait, it does at least 
suggest that dementia is far from inevitable. E 


ESSAY 


Stereotypes of how biological sex 
influences ability and behaviour abound - 
but the latest research is exploding the 
myth of male and female brains, says 
researcher Gina Rippon 


THE TRUTH 
ABOUT MALE 
AND FEMALE 
BRAINS 


EN are good at map-reading; 
women can't park cars. Men are 
better at fixing stuff- but only 
onething at atime. Women, by 
contrast, can multitask, and do 
empathy and intuition better, 
too. Just don’t ask them to think 
logically in a crisis. 

So say the stereotypes, anyway. 
Itisa widespread idea that men 
and women are distinguished not only by their genitals 
and related sexual characteristics, but also by their 
brains. Takethe notorious Google internal memo 
from 2017 in which employee James Damore asserted 
that there were more men in the company’s workforce 
because women’s high level of empathy and lower 
interest in coding made them less suited to 
Google-type work. 

According to this way ofthinking, the biological 
blueprint that determines fixed and inevitable 
differences in our reproductive apparatusalso > 
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Gina Rippon is a cognitive 
neuroscientist at the 
University of Aston in 
Birmingham, UK, where 
she uses brain-imaging 
techniques to study 
conditions such as autism 
and dyslexia. She is the 
author of The Gendered Brain: 
Thenew neuroscience that 
shatters the myth of the 
female brain 


“Imaging studies unleashed a 
tidal wave of neuro-nonsense 
about male and female brains” 


determines similarly fixed and inevitable differences 
inthe structure of our brains and how they work. If 
you want to know what underpins differences between 
women and men in ability, behaviour, temperament 
and even lifestyle choices, you will find the answers 
in genes, genitals and gonads. 

The slow recognition that gender identity and 
even biological sexual characteristics don't fit into 
a neat, binary division already calls such assumptions 
into question. Recently, too, we have begun to 
understand just how plastic our brains are, capable 
of being moulded in all sorts of different ways 
throughout our lives. So where does that leave the 
idea of predetermined, hardwired differences in the 
brains of women and men - and with it the rationale 
forthe expectations, roles and achievements of each 
in society? 

The hunt for sex differences in the brain has a 
long tradition, starting with the absurdities of skull 
measuring, or phrenology, to explain personality traits 
inthe 19th century. Pretty much ever since, the idea 
that men and women have different brains has been a 
given. The aim of research was to pin down the nature 
ofthose differences, and to find out how they translate 
into the go-to list of “well-known” male-female 
differences: systemising vs empathic, map-reading 
versus multitasking, logical vs intuitive, and so on. 

Early explanations of brain differences often 
centred on the “missing 5 ounces” phenomenon. 
Bigger brains were thought to be better brains. As 
women’s brains are, on average (an important term 
that we will return to later), around 10 per cent lighter 
than men’s, amounting to about 5 ounces or 140 grams, 
they were deemed inferior. 


Later explanations tried to pin differences on 
specific structures in the brain. In the early 1980s, 
for example, came the idea that the corpus callosum, 
the bridge of nerve fibres connecting the two halves of 
the brain, was bigger in women. This fit neatly into the 
pre-existing concept of “right” and “left” brains: that 
the left half ofa human brain is responsible for 
language as well as analytical and logical types of 
thinking, whereas the right half handles emotional 
processing and creativity. So women's renowned 
multitasking abilities and greater emotional awareness 
could be framed in terms of their enhanced and near- 
simultaneous access to both sides of their brain, thanks 
to their enlarged corpus callosum. 

The advent of brain-imaging technology at the 
end of the 20th century, alongside sophisticated 
computer models of brain function and better 
systems for data analysis, finally made it possible to 
generate the evidence necessary to properly test the 
ways in which the brains of men and women differ. 

But as well as some thrilling and groundbreaking 
research, it unleashed something ofa tidal wave of 
neuro-nonsense. 

The colour-coded maps of brain activity that 
researchers could now produce with such apparent 
ease were wonderfully seductive. Many people didn’t 
appreciate, however, that these weren’t real-time 
photographs of the brain in action, but the end product 
of a long chain of mathematical processing. The colour 
coding was chosen by the imaging software to make 
the most of the real but infinitesimal differences 
between activity averaged -that word again - across 
groups or tasks. With a large part ofthe agenda in brain 
research still being driven by the hunt for differences 


36 | New Scientist Essential Guide | The Human Brain 


between men and women, assertions ofthe 
“men аге from Mars, women are from Venus” type 
were one misleading end product. 

One study, published in 2014, illustrates the 
problems associated with this approach. Researchers 
atthe University of Pennsylvania measured brain 
connectivity pathways in a large group of women and 
men. They reported stronger connections within each 
brain hemisphere in men and stronger connections 
between hemispheres in women. This, they claimed, 
showed that "male brains are structured to facilitate 
connectivity between perception and coordinated 
action, whereas female brains are designed to facilitate 
communication between analytical and intuitive 
processing modes". 

But the study didn't measure whether its subjects 
actually showed these supposedly typical male and 
female traits. Measurements of brain connectivity 


were being filtered through preconceived, stereotypical 


beliefs. What's more, many ofthe reported differences 
were quite small, and there were many more possible 


pathway comparisons that didn't show any differences. 


The study only reported those that did. Yet the results 
were eagerly reported in the popular press, with 
headlines such as "The hardwired difference between 
male and female brains could explain why men are 
‘better at map reading”. 

There are good reasons to think that such studies 
are chasing shadows. For а start, correcting the data 
for brain size can cause the apparent differences 
in brain structures between women and men to 
disappear. The claimed difference in the size ofthe 
corpus callosum is one casualty ofthis rethink. 

The fact is, bigger people have bigger brains, 


regardless of their gender. Bigger brains are different 
from smaller brains, in both their core structures and 
the connecting pathways between them. But there is 
no evidence to suggest that bigger brains are better 
brains. After all, humans are cognitively superiorto 
species with far larger brains, including the sperm 
whale and the African elephant, to name just two. 

More crucially, the idea of distinct female and 
male brains depends on the adult endpoint of brain 
development being a fixed, predetermined destination. 
Scientists used to think that beyond the changes that 
occur during the highly plastic early years ofthe brain, 
and barring deviations caused by damage, disease or 
deprivation, you generally end up with the brain you 
were born with, only bigger and better connected. 

We now know this isn't the case. Our brains 
are very much a product ofthe lives we have lived, 
the experiences we have had and our education, 
occupations, sports and hobbies. The way we 
perform tasks reflects not just the running of 
predetermined internal software, but also external 
inputs. One famous example was reported in working 
London taxi drivers who had done The Knowledge, 
which requires memorising different routes through 
the 25,000 or so London streets within a 6-mile radius 
of Charing Cross. Their brains are different from those 
oftrainee taxi drivers, retired taxi drivers and even 
bus drivers, who navigate fixed routes. 

Crucially, brain-changing experiences may differ 
for men and women. Perhaps it was this effect that 
early researchers, focusing solely on dividing their 
groups of participants into men and women, were 
actually tapping into. 

Take one oftheallegedly mostrobustbrain » 
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differences - in spatial thinking, the skill underpinning 
navigational abilities and map reading. In 2005, 
psychologists Melissa Terlecki at Cabrini University 
and Nora Newcombe at Temple University, both in 
Pennsylvania, showed that playing computer and 
video games is a better predictor of spatial skills 

than biological sex is. There were higher levels of such 
experience among male participants, but women with 
the same experience had equally good spatial skills. 

Any regular activity, be it playing Tetris or Super 
Mario, or learning juggling or origami, can change 
our brains. So if one group is more likely to engage 
in an activity than another, this will determine their 
ability, rather than any other characteristic. 

In addition, stereotypes about any group's innate 
abilities can become self-fulfilling prophecies. 
Ifsomeone is made aware of a negative stereotype 
aboutthe group to which they belong, this can impair 
their performance in a related task. For example, if a 
woman is told that women are poor at a particular 
mathematical skill, there is a consequent drop in 
performance in tests ofthat skill.Studies ofthis 
so-called stereotype threat have shown that if a task 
is presented in a positive context, then both the 
associated brain processes and how well someone 
performs the task will be different from when it is 
presented in a negative context. It isn't just experiences 
that can change our brains: attitudes, especially 
powerful social stereotypes, can too. 

And it may be that we need to challenge the 
assumptions behind the hunt for differences 
between male and female brains. Its origin is in the 
assumption that men and women are profoundly 
different in their abilities, behaviours and preferences. 
But what if these "well-known" differences aren't as 
marked as has been claimed, and have changed over 
time or in different contexts or cultures? This would 
certainly challenge the notion that they are inevitable 
or based on fixed brain characteristics. 


Are men really better 
at reading maps? 
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Revisiting the evidence suggests that women and 
men are more similar than they are different. In 2015, 
areview ofmore than 20,000 studies into behavioural 
differences, comprising data from more than 12 million 
people, found that, overall, the differences between 
men and women on a wide range of characteristics, 
such as impulsivity, cooperativeness and emotionality, 
were vanishingly small. 

Perhaps the final nail inthe coffin offemale and 
male brains as a scientific concept can be found in 
а 2015 study by Daphna Joel at Tel Aviv University 
inIsrael and her colleagues. They examined the 
characteristics of more than 100 brain structures in 
over 1400 brain scans and found that it was impossible 
to dividethese neatly into two sets of "female-typical" 
or "male-typical" brains. Each brain had a mosaic of 
different characteristics, some considered “female”, 
some "male". Only around one in 20 ofthe brains even 
had sets of characteristics that could be described as 
predominantly one orthe other. 

Applying similar analyses to data sets of 
psychological variables, such as engagement in 
sports, impulsivity or scores ontests of masculinity 
and femininity, revealed the same lack of binary 
grouping: no individual had all-female or all-male 
tendencies. More recently, using machine-learning 
techniques on data from more than 2000 brains 
showed that none fit into one oftwo neat, non- 
overlapping sets that could be labelled "brains 
from women" or "brains from men". 

Where does all this leave us? We find ourselves 
talking about average differences between men 
and women that, in general, reflect a tiny difference 
between two closely overlapping sets of data. Not 
only that, but the variability and range within each 
supposedly homogenous set is usually far greater 
than the differences between the sexes. You might 
start to wonder why we are still talking about these 
differences at all. 


For sure, biological sex must be considered as one 
ofthe variables in investigations into brain differences, 
so we canunderstand things such as responsiveness 
to different medications, or susceptibilities to mental 
health conditions such as depression, physical 
problems such as Alzheimer's disease orimmune 
disorders. This might also give insights intothe true 
reasons for women's under-representation in the fields 
of science and technology. But a focus on biological 
sex as the sole source of such differences is, at best, 
incomplete, and could be misleading. Thinking ofa 
brain-based condition as belonging solely to women or 
men may miss the clues offered by, for example, brain 
size, body weight or brain-changing life experiences. 

Insome of my own team's research on autism, we are 
starting to realise that holding to the beliefthat this is a 
"male" condition means we are missing the many girls 
and women who clearly fit the diagnosis. Diagnostic 
tools are masculinised, with examples of children's 
unusual interests and obsessions slanted towards 
those more commonly associated with boys. Not only 
does this mean that the undiagnosed girls aren’t getting 
the help they might need, but research is losing a rich 
source of additional evidence: many brain-imaging 
studies of autism have only male participants. 

This isn’t just a question of importance to 
individuals, however. Believing that only one type 
of brain is capable of certain core skills may lead to 
animmense loss of human capital, to the detriment 
of wider society. Who knows how many more software 
engineers global tech firms might find if we accepted 
that there is little reason to believe that this is a pursuit 
to which only men are suited. 

It is finally time to discard this old chestnut. 

The concept of the female brain or the male brain 

is outdated and inaccurate. Every person’s brain is 
unique. The value comes from knowing where these 
individual differences come from and what they 
might mean for the brain's owner. I 
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— CHAPTER 3 


Remembering the past and imagining the future is an integral part 

of human existence. Without memory, you wouldn't be able to drive 
to work, hold a meaningful conversation with loved ones, read a book 
or prepare a meal. 


Studies of memory have revealed much about what it is to be human, 
but many mysteries remain, starting with a very basic question. 
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WHAT ARE 
MEMORIES 
MADE OF? 


Survival depends on learning from what 

has gone before. That requires a mechanism 
for storing important experiences in 
memory, so that what doesn't kill you 
makes you wiser. But the processes that 
underlie memory formation are complex, 
and still aren't fully understood. 


UR capacity to remember has 
fascinated humans since ancient 
times. Plato famously compared 
our memory to a wax tablet that is 
blank at birth and slowly takes on the 
impression ofthe events from our life. 
We now know that individual 
memories are stored in groups of 
neurons. This idea was first proposed 
by psychologist Donald Hebb in 1949. 
Confirmation of it, and the finer details, had to wait 
for significant improvements in technology, however. 
Much ofthe early seminal work on memory was 
done in the 1960s on sea slugs. These creatures grow 
upto about 30 centimetres long and have giant nerve 
cells to match. Their outsize bodies make it possible 
to watch what happens when a new memory forms. 
Ordinarily, electrical impulses in one neuron 
spark the release of chemicals that cross the gaps, 
or synapses, between nerve cells and may trigger a 
second neuron to fire. Those early studies revealed 
that, when sea slugs learned a simple responseto a 
stimulus, some oftheir synapses were strengthened. 
An impulse in the first neuron was now more likely to 
triggerthe second to fire (see diagram, page 44). This 
turns out to bethe basis of memory in any animal 
with a nervous system. The work was so pivotal that 
it earned neuroscientist Eric Kandel at Columbia » 


MARIO WAGNER 
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University in New York a Nobel prize in 2000. 

Kandel's work accounts for the mechanism at the 
cellular level, but from there, the organisation of our 
memories in the brain happens at several levels, with 
numerous interconnecting systems that keep our 
memories – for the most part – easily retrievable. 

In the past 100 years, psychologists have developed 
objective techniques to study our recollections ofthe 
past with scientific accuracy and reproducibility. 
Theserange from straightforward laboratory tests 
ofour ability to remember long lists of words to 
more recent brain-imaging approaches. 

Through these studies, it has become clear that, unlike 
Plato's wax tablet, human memory has many different 
components. If you consider how long a memory lasts, 
for example, there appear to be at least three subtypes 
of storage: sensory, short term and long-term. 
Memories can also be distinguished by thetype of 
information that is stored and the way it is recalled. 


SENSORY MEMORY 


During every moment ofan organisms life, its eyes, ears 
and other sensory organs are taking in information and 
relaying itto the nervous system for processing. Our 
sensory memory store retains this information for a few 
moments. So, twirling a sparkler, for example, allows us 
to write letters and make circles in the air thanks to the 
fleeting impression ofits path. 

Johann Segner, an 18th-century German scientist, 
was one of the first to explore this phenomenon. 
He reportedly attached a glowing coal to a cartwheel, 
which he rotated at increasing speeds untilan unbroken 
circle of light could be perceived. His observations 
were followed by the systematic investigations of 
US psychologist George Sperling 100 years later. 
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Memories are laid down in the form of strengthened connections 
between nerve cells in the cortex and the hippocampi 


Cortex 


Neurons in the brain’s outer layer process our 
sensory perception. They will be reactivated if we 
later remember that experience 


Hippocampi 


These brain regions bind together separate 
concepts into a single memory 


Neurons 


Memories strengthen connections 
between neurons, making one more 
likely to trigger another 


Synapse 


When a memory is created, levels of both 
neurotransmitters and receptors increase in 
the synapses between the neurons involved 


Electrical signal 


Neurotransmitter 
molecule 


Receptor molecule 
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By studying people's ability to recall an array 
of letters flashed briefly on a screen, he found that 
our fleeting visual impressions - dubbed “iconic 
memory" - last for just a few hundred milliseconds. 
Studies of "echoic" sound memories came soon 
afterwards, showing that we retain an impression 
of what we hear for several seconds. Echoic memories 
may be impaired in children who are late talkers. 
Sensory memories are thought to be stored as 
transient patterns ofelectrical activity in the sensory 
and perceptual regions ofthe brain. When this activity 
dissipates, the memory usually fades too. While they 
last, though, they provide a detailed representation of 
theentire sensory experience, from which relevant 
pieces of information can be extracted into short-term 
memory and processed further via working memory. 


SHORT-TERM AND 
WORKING MEMORY 


When you hold a restaurant's phone number in 
your mind as you dialit, you rely on your short-term 
memory. This store is capable of holding roughly 
seven items of information for approximately 15 
to 20 seconds, though actively "rehearsing" the 
information by repeating it several times can help 
you to retain it for longer. 
Seven items ofinformation may not seem like 
much, but it is possible to get around this limit 
by "chunking" larger pieces of information into 
meaningful units. To recall a 10-digit telephone 
number, for instance, a person could chunk the digits 
into three groups: the area code (such as 021), then a 
three-digit chunk (639) and a four-digit chunk (4345). 
Your short-term memory seems to store verbal 
and visuospatial information in different places. 


The verbal store has received most attention. Its 
existence has been inferred from studies asking 
volunteers to remember lists of words: people tend 
to be much better at recalling the last few items in a 
list, but this effect disappears ifthe testis delayed by 
а few seconds, especially if the delay involves a verbal 
activity that interferes with the storage process, such 
as counting backwards. 


v 


See overleaf for more on 
where memories are stored 


Verbal short-term memories seem to be stored 
in acoustic or phonological form. When you try to 
remember sequences ofletters, for instance, lists 
of letters that are similar in sound, like P, D, B, V, C 
апат, are harder to recall correctly than sequences of 
dissimilar-sounding letters like W, K, L, Y, RandZ, even 
when the information is initially presented visually. 
Short-term memory is closely linked to working 
memory, and the two terms are often used 
interchangeably. There is a difference, however: 
short-term memory refers to the passive storage 
and recall of information from the immediate past, 
whereas working memory refers to the active processes 
involved in manipulating this information. Your short- 
term memory might help you to remember what 
someone has just said to you, for example, but your 
working memory would allow you to recite it to them 
backwards or pick out the first letter of each word. 


LONG-TERM MEMORY 


Particularly salient information gets transferred to the 
brain's long-term storage facility, where it can remain » 
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for years or even decades. Your date ofbirth, phone 
number, car registration number and your mother's 
maiden name are all held here. 

Unlike short-term memory, with its acoustic 
representations, we seem to store long-term memories 
by their meaning. If you try to recall information after 
a delay, for instance, you probably won't be able to 
reproduce the exact wording, but its meaning or 
gist should come back fairly easily. This can lead to 
errors, however. 

Long-term memories can take many different 
forms. Semantic memories, for example, concern 
your knowledge of facts, such as Paris being the capital 
of France, though you may not remember the exact 
circumstances in which you acquired this information. 
Episodic memories concern particular events from 
your life, such as the day you passed your driving test. 

You can also categorise long-term memories by 
the way they influence your behaviour. Consciously 
recalled events or pieces of information are known as 
explicit memories, whereas implicit memory refers to 
experiences that influence your behaviour, feelings or 
thoughts without you actively recollecting the events 
or facts. For instance, if you pass an Italian restaurant 
on the way to work in the morning, you might later 
that day think about going out for an Italian meal, 
without being aware that you had been influenced 
by your morning journey. 

Thanks to Kandel's early work, we now know that 
long-term memories are maintained by stable and 
permanent changes in neural connections. And with 
techniques such as fMRI, we now have the capacity 
to study these processes non-invasively in humans. 
The hippocampus and another forebrain region, the 
diencephalon, seem to be essential for consolidating 
information from short-term into long-term 
memories. Their exact roles in retrieving older 
memories from across our lifespan are still 
contentious; the hippocampus might be part of 
the “library” system that organises our long-term 
memories, or instead just the "printing press" 
that makes them, as we will see now. li 


WHERE ARE 
MEMORIES? 


As we have seen, at the cellular level, 
memories are stored in connections - 
called synapses - between neurons. But 
the human brain contains an estimated 
100 trillion synapses, which are being 
added to, strengthened or weakened day 
in and day out. How this cellular process 
adds up to an organised system for storing 
experiences long remained a mystery. 
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N THE Harry Potter films, memories are silver 
streams that can be teased from the head with 
thetip ofa wand. Inthe Pixar movie Inside Out, 
they are small glowing balls, stored in vast racks 
ofshelvingin our minds. 

A major step towards our modern 
understanding ofwhere memories are formed 
and stored inthe brain came from one ofthe 
saddest tales of modern neuroscience. In 1953, 
Henry Molaison - known in countless research 

papers by his initials, H.M. - had an operation that went 
badly wrong. The surgeon had been trying to remove 
braintissue that was causing his epilepsy. Molaison's 
seizures originated in the hippocampi, a pair of 
structures at either side ofthe brain whose Latin 

name reflects their supposed resemblance to a 
seahorse. So the surgeon took them out. 

The consequences for the 27-year-old Molaison 
were huge. Unable to hold any new information for 
more than halfa minute, he needed lifelong care. 

Yet most ofthe time, he seemed not frightened or 
confused, but happy and good-natured. He often 
expressed a wish to further the cause of medical 
research and never tired of being tested. Thanks to him, 
neuroscience learned a huge amount about memory. 

Molaison retained most of what he knew before 
the operation, suggesting that while the hippocampi 
are crucial for forming new memories, they are less 
important for storage. His short-term memory was 
unaffected, too – ће could retain information for 15 to 
30 seconds but no longer. In addition, Molaison’s brain 
damage revealed that there are some important 
subdivisions of long-term memory. He could still learn 
physical skills, like riding a bike. But he had problems 
forming new memories of things that happened to him 
and learning new facts. 

The hippocampi seem to be crucial, then, for 
memories central to our personal and intellectual lives. 
But they are by no means the only part of the brain 
required for memory. It also involves the cortex, the 
outer layer of the brain that handles our complex 
thoughts and sensory perceptions of the world. 


€ 
See page 6 to recap the structure of the brain 


Say that yesterday you saw a rose in your garden 

and stopped to inhale its fragrance. This event was 
processed by specific parts of your cortex at the 
brain’s back and sides that are responsible for vision 
and smell. Today, if you recall the experience, those 
same regions will be reactivated. This idea, sometimes 
known as reinstatement, has been around for a while, 
but was only confirmed in recent decades, thanks to 
brain-scanning techniques. The same areas ofthe 
cortex light up in scanners both when someone first 
sees a picture of something and when they аге later 
asked to remember it. 

A short-term memory of sniffing the rose wouldn't 
involve the hippocampi, as Molaison showed. But if, for 
somereason, you created a memory that lasted for more 
than half a minute, connections between the relevant 
areas of your cortex and your hippocampi would 
become strengthened. The hippocampi are wired up 
to many different parts ofthe cortex and help to glue 
togetherthe different aspects ofa single memory. 

Inone study from 2015, researchers scanned 
people's brains as they tried to retain groups of 
unrelated concepts, such as Barack Obama with a 
wallet in a kitchen, in their memory. They found that 
recall was best for those groups of concepts that had 
generated the most activity in their hippocampi during 
thelearning phase. The hippocampi seemed to be 
necessary to retrieve all these elements together. 

This ability helps to explain why recalling one aspect 
of an experience can instantly bring its other features 
to mind. Hearing a song on the radio can remind us of 
the moment we first heard it, for example, or a long- 
forgotten taste of madeleine cakes might remind 
someone oftheir childhood, as Marcel Proust famously 
described in his novel Remembrance of Things Past. 

One way of imagining memory in the brain, then, is 
as a spider’s web of neurons firing together because of 
their strengthened connections, with strands reaching 
across different parts ofthe cortex and deep downto » 


Chapter 3 | Mysteries of memory | 47 


the hippocampi, guardians of our memory banks. 

Much ofthis anchoring happens at night. You 
don't need sleepto create a memory in the first place, 
but sleep does determine what goes intolong-term 
storage. It can also select which parts ofa memory to 
retain. All night long, the brain links new memories 
with established networks of remembrances and 
discovers patterns and rules. 

During slow-wave, deep sleep, interactions take 
place between regions key to memory, including the 
hippocampus, where recent memories are stored, and 
the cortex, where long-term memories end up. This 
chatter might allow the cortex to pull out and save 
important information from new memories. 

We don't need to recall everything that happens 
in a day, and sleep favours certain types of memory. 

It homes in on information that might be useful at 
alater date, and puts it into longer-term storage. 
Experiments suggest, for example, that merely telling 
people they will be tested on certain material helps 
them remember more of it after sleep. 

Memories with an emotional component also get 
preferential treatment -especially negative emotions. 
That makes sense from an evolutionary perspective 
if we are to remember our mistakes and so increase 
our chances of survival. 

However, there are also hints that sleep might help to 
modulate emotional memories. For intense memories, 
sleep may help to preserve them, but decrease the 
emotional element. This could be crucialfor our mental 
health - post-traumatic stress disorder might result 
from this system not working as it should, for example. 

It could also help explain why getting too little sleep 
is so bad for you: it may allow negative memories to 
become dominant over neutral and positive ones. 

A lack of sleep also plays havoc with our ability to 
remember useful information. We may remember 
facts and events, but without the all-important 
emotional context that helps us figure out what they 
mean for us and our future. It also means that staying 
up all night cramming for an exam is a false economy. 
A much better idea is to put your notes under your 
pillow and let your brain do the rest. E 


WHAT IS 
MEMORY FOR? 


At first, the answer seems obvious: memory 
is about the past. It is your personal database 
of things you have experienced. In fact, this 
repository has a purpose that goes way 
beyond merely recalling old information – 

it helps us work out how to use it. 

Some of the best evidence of this comes from 
studies of people with brain damage or amnesia. 
One iconic case was of a patient known as KC 
in the early 1980s. After a motorcycle accident, 
he was left with an impaired episodic memory: 
he could remember facts, but not personal 
experiences. The weird thing was, it also 
stopped him imagining the future. 

We now know there is a strong link between 
being able to remember past events and being 
able to plan for the future. Imaging studies, for 
example, show that similar patterns of brain 
activity underlie both. The key seems to be the 
ability to generate images of scenes in the mind's 
eye. It could be that being able to picture the past 
enables us to imagine the future, and therefore 
plan - one of the complex cognitive feats that 
stands humans apart from many other species. 

If we can't recall past events and preferences, 
our ability to make sound decisions crumbles 
too. This is because the brain uses previous 
choices and existing knowledge during the 
decision-making process to assess options 
and imagine how they might turn out. 

Another idea is that memory could even have 
evolved to enable our species to communicate. 

In 2018, cognitive scientists Johannes Mahr and 
Gergely Csibra at the Central European University 
in Budapest, Hungary, suggested that the key 
difference between human memory and that of 
other animals is that we don't just recall an event, 
we also remember how we came to know about 
it. This, they argued, helps us manage social 
commitments such as obligations and promises, 
which is often only possible by explicit references 
to past events. 

If this is correct, then far from being a mere 
databank of the past, memory is essential for 
navigating our present and future, too. 
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THE IMPORTANCE 


OF FORGETTING 


Having a normal, healthy memory isn't just 
about retaining the good stuff - it is also 
crucial to forget the avalanche of information 
that you don't need. 


NTIL the early 2000s, pretty much 
all research into memory dealt with 
the question of how we remember. 
Then, in 2000, a woman called Jill 
Price emailed James McGaugh, a 
neurobiologist at the University of 
California, Irvine, to ask for his help. 
Price's problem wasn't that she 
couldn't remember, but that she 
couldn't forget. She remembered 
events and details from her life in exquisite and 
sometimes painful detail. Even when she wanted to, 
she couldn't forget. She was, McGaugh noted at the 
time, both a warden and prisoner of her life's memories. 

Sincethen, around 50 people with this 
condition, which McGaugh named highly superior 
autobiographical memory (HSAM), have come 
forward, each of whom could remember the distant 
pastasthough it were yesterday. Askthem what they 
had for breakfast a month ago and they will not only 
tell you what they ate, but details ofthe conversations 
they had, the clothes they were wearing and what 
happened later that day. 

This ability seems to come from holding normal 
autobiographical memories for an abnormally long 
time. In one study, researchers asked 30 people with 
HSAM to recall events that happened every day ofthe 
preceding week, as well as a week that occurred one 
month, one year and 10 years earlier. The quality and 
quantity oftheir memories were compared with those 
of people without HSAM. A month later, they took part 
іп a surprise assessment of the same dates, allowing 
researchers to check how well they remembered. > 
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CAN YOU CHOOSE TO FORGET? 


We all have memories we would 
rather forget - and it is possible, 

if you try hard enough. Research 
suggests that, while we think of 
memories as something you can 
actively strengthen but of forgetting 
as a passive process, in reality, 
forgetting can be deliberate, too. 

Perhaps the easiest way to 
forget something is simply to try to 
suppress a memory. Researchers at 
Dartmouth College, New Hampshire, 
have found that just telling people to 
"push thoughts out of their head" is 
enough to make them forget lists of 
words they have learned to associate 
with particular cues. 

This seems especially 
paradoxical because we also know 
that rehearsing memories helps to 
strengthen them. Suppression has 
been linked to decreased activity 
in the hippocampus, so one idea 
is that we may be unknowingly 
reducing our hippocampal activity 
by focusing on the present. 

This won't work for everyone, 
however. Post-traumatic stress 
disorder (PTSD) involves intrusive 
memories that keep coming back, 
often suddenly and unexpectedly. 


Studies have found that people 
with this condition are less able to 
suppress memories, even those 
unrelated to traumatic incidents. 

But other approaches for forgetting 
might help, including what are known 
as cognitive vaccines: interventions 
that can "inoculate" the brain against 
the onset of PTSD symptoms if 
administered soon after trauma. 

Some computer games seem to 
work in this way. In studies, playing 
Tetris after watching an upsetting 
film has been found to reduce 
flashbacks of that film, possibly 
because thinking about a visual task 
stopped the brain from processing 
the visual images of death and injury 
from the film. However, doing a 
non-visual task, such as playing a 
general knowledge game, actually 
increased flashbacks. 

Given the vital role of sleep 
in memory formation, this is also 
a prime time to intercept them. 

In 2018, Katharine Simon at the 
University of Arizona and her 
colleagues found a way to apply this 
idea to make people forget. First, 
they trained people to associate a 
particular sound with the instruction 


to forget something. They then 
taught the volunteers to associate 
other sounds with specific words. 

Then, as the volunteers slept, 
the team reactivated the memories 
of some of these words using their 
associated sounds, while also 
playing the "forget" sound. A week 
later, the volunteers were worse 
at remembering these words than 
words that hadn't been targeted. 

Being able to exert some control 
over what you remember probably 
helps to bolster your resilience in 
the face of adversity, but there may 
be downsides. Other research found 
that when you try to suppress a 
memory, you are later less likely 
to remember things that happened 
around the time you attempted 
suppression. It seems that 
quietening your hippocampus to 
block a memory causes an "amnesic 
shadow" that more generally 
impairs memory formation. 

In any case, there can be benefits 
from holding on to even the most 
awkward of memories. Even the 
most cringeworthy experiences 
can sometimes teach us important 
lessons for the future. 
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It turned out that people with and without 
HSAM had comparable recall of events from the 
preceding week. But those with HSAM had a far 
superior memory of days further in the past. The 
results suggest that people with HSAM are no better 
atacquiring memories - they are not superior 
learners -but are simply better at retaining them. 

So far, there are no clear answers as to how they do 
this. In studies of their cognitive processes like verbal 
fluency, the ability to memorise patterns and the ability 
to remember people's faces and jobs, people with 
HSAM performed only slightly better than average. 

McGaugh believes that their extraordinary powers 
of memory may be rooted in the habitual rehearsal 
oftheir past. People with HSAM often show obsessive 
behaviours, similarto people with obsessive-compulsive 
disorder (OCD). Indeed, a 2012 study of 11 people with 
HSAM showed structural differences between their 
brains and those of others ofthe same age in nine brain 
regions, including an enlarged caudate nucleus and 
putamen - areas also implicated in OCD. 

This could explain how their memories stick for 
longer than normal. New memories start life as the 
temporary excitation of synapses in a network of 
neurons, and if you recall a memory, the same neural 
pathways are reactivated. The more times this happens, 
the more important the brain deems the memory to be 
and the more likely it is to be converted into a long-term 
memory by forming permanent connections between 
the neurons. These connections are reinforced each time 
the memory is recalled, making it easier to retrieve. The 
brain contains so many potential synaptic connections 
that, in theory at least, there is по limit to the number 
oflong-term memories that the brain can store. 

We don't remember everything, not because we 
can't, but because the brain has developed strategies 
to weed out irrelevant or out-of-date information. In 
the hippocampus, for instance, new cells are formed 


throughout life. It takes energy to do this, yet these 
cells seem to overwrite established memories and 
induce forgetting. 

Why should the brain invest energy in 
dismantling its own memories if storage isn't an 
issue? One idea is that the goal of memory isn't to 
store information indefinitely, but to optimise 
decision-making in the future. 

Each memory is thought to be stored in an 
interconnected network of brain cells. To retrieve 
amemory, you need some part ofits content: for 
example, to recall who came to your last birthday party, 
you might start by picturing where the party took place. 

Artificial intelligence researchers have built 
computer programmes, known as neural networks, 
that work on the same principles. They have found that 
when memories are distributed across interconnected 
units like this, there is alot of potential for interference, 
in which one memory effectively impedes the recall of 
another. This is especially true ifthey share some ofthe 
same content: you are more likely to forget memories 
oftwo birthday parties that happened at the same 
venue, for example. In addition, if you store memories 
that are no longer useful, there is a high risk that they 
will hamper the storage of new memories. 

Having fewer memories can also make it easier 
to spot important patterns that help us plan forthe 
future. By remembering instances when traffic was bad 
on your commute, for example, you may learn which 
times to avoid. Remembering every single journey 
would make it impossible to identify such patterns. 

The system isn't foolproof, of course - sometimes 
we forget something useful because the brain has 
beentoo efficient in its pruning efforts. At othertimes, 
information comes to mind that we would rather 
forget. In general, though, having a fully functioning 
memory is as much about forgetting what we don't 
need asit is about remembering what we do. li 
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WHY CAN'T I 
REMEMBER WHAT 
I DID 5 SECONDS AGO? 


You just left the house, but did you 
lock the door? When it comes to 
these habitual behaviours, your 
body knows what to do without the 
need for conscious thought. The 
brain no longer encodes the details 
of a repeated behaviour, so while 
you remember how to lock the 
door, there is no specific memory 
of when you last did it. 

This autopiloting ability can 
be beneficial, freeing up attention 
for more important things. The 
danger comes when this "habit 
memory" takes over when it isn't 
supposed to, which can lead to 
mistakes like driving to work 
on your day off. 


MEMORY: FAQS 


WHAT MAKES 
A MEMORY 
CHAMPION? 


For anyone who goes through life 
forgetting where they left their 
keys, the outer limits of human 
memory are truly mind-blowing. 
Take Kim Peek, the real-life 
inspiration for the film Rain Man, 
who memorised at least 7600 
books and countless zip codes and 
telephone area codes. Then there 
is Ben Pridmore, an accountant 
from Derby, UK. In 2018, he 
smashed three world records for 
remembering 930 binary digits in 
5 minutes, 819 digits in 15 minutes 


and 364 playing cards in 10 minutes. 


Many experts believe that 
differences in memory owe 
nothing to innate structures or 
special neurophysiology and 
everything to skills that are 
developed. Memory marvels often 
use tried and tested techniques, 
such as mnemonics, rhymes or 
visualisation, to help stamp 
memories into their grey matter. 
Others may use obsessive 
rehearsal - this can happen 
strategically or as a result of 
mental ill health or brain damage. 
A good memory requires effort 
and attention not special grey 
matter. And even then, their 
memory isn't perfect - flashbacks 
that are as real and precise as 
photos are a myth. 


HOW CAN TWO PEOPLE 
RECALL THE SAME 
EVENT DIFFERENTLY? 


We tend to think of memories as 
information stored in the filing 
cabinet of the brain for future 
use. In fact, they are only built 
when we retrieve them. What you 
retrieve depends on what was 
most important to you at the time. 
The spotlight effect of high 
emotions can mean that, in an 
argument, each of you may 
record wildly different versions 
of who said what to whom. 
Brain-scanning studies suggest 
that connectivity differences in the 
brain also play into this, with 
individual differences giving each 
person a unique memory style, 
which affects what and how they 
remember. People who focus on 
facts have more physical links 
between the hippocampus, and the 
prefrontal cortex, which is involved 
in reasoning. Others, who focused 
on what they experienced at the 
time, had more connectivity 
between areas involved in visual 
processing and the hippocampi. 


Why can't we remember being babies? Does closing your eyes help you recall information? 
Why do we remember things differently? Advances in our understanding of memory mean 
We can now start finding answers to some common questions that baffle us all. 
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WHY CAN'T WE 
REMEMBER BEING 
BABIES? 


Infants are constantly learning, 
but only a handful of people have 
memories from before the age 

of 2. That is because parts of the 
brain critical for longer-term 
memory are still immature. So 
while babies can form memories, 


holding onto them isn't guaranteed. 


As the brain begins to mature, 
that neural machinery gets more 
efficient and memories start to 
stick – until the age of 7, when 
there's a sudden dip. Children 
recall far more about earlier 
events in their lives when asked 
before they are 7 than they do just 
a year later. This sudden erasure, 
known as "childhood amnesia", 
may be down to pruning, the 
brain's process of snipping away 
lesser-used connections to 
strengthen those that remain. 


Although slightly older children 
remember fewer things, their 
recollections are more detailed 
as they learn to tell stories about 
what they experienced. In 
cultures where family storytelling 
is a cherished pastime, people 
are more likely to retain early 
childhood memories. 
Summoning and reviewing 
these memories, a process 
known as reconsolidation, can 
fortify them. So if you want your 
child to remember a special trip 
to the beach, indulge in a little 
reminiscing and get them to 
tell you the story. 


WHY DOES BEING 
STRESSED AFFECT 
YOUR MEMORY? 


Emotion and memory go 
hand in hand. We secrete stress 
hormones, such as cortisol and 
adrenaline, when we are 
emotionally aroused, whether 
itis the result of a trauma or being 
at a fantastic concert. These 
hormones trigger the firing of 
signals in the brain, which 
promotes memory formation. 
The flip side is that when it 
comes to retrieving memories, 
stress can hamper our efforts. It 
can also prevent us from updating 
existing memories with new 
information. This explains why, 
despite our best efforts, it is all 
too easy for the mind to go blank 
in the stressful setting of a 
presentation or an exam hall. 


DOES CLOSING YOUR 
EYES TRULY HELP YOU 
REMEMBER? 


Yes. Vision is our dominant 

sense and a key source of new 
information. When you try to think 
of something, seeing the world in 
front of you is a major distraction. 
So closing your eyes helps limit the 
distraction, especially when you 
try to retrieve a highly visual piece 
of information. But it is extremely 
individual. Some people find this 
tactic more helpful than others. 
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IS TECHNOLOGY 
MAKING MY MEMORY 
WORSE? 


Not necessarily — but it seems 

to change the way we remember, 
and how much trust we place in 
our own minds. 

Studies suggest that people 
who rely on satellite navigation 
systems are worse at working 
out where they have been than 
people who use maps. And taking 
constant photos during an event 
led people to have a poorer 
memory of what they saw than 
people who were more present. 

Other studies have found that 
when we rely on technology to 
do the remembering for us, we 
form shaky memories about the 
information itself but strong ones 
on where to find it. This change in 
strategy could be useful, in that it 
frees up brain resources that can 
then be used on other things. 

On the other hand, technology 
seems to mess with our meta- 
memory — our own assessment 
of how well we remember. And 
this means that if those resources 
disappear unexpectedly - in 
an exam, in an emergency, in a 
technological catastrophe - we may 
underestimate how much we 
would struggle without them. ll 


— CHAPTER 4 


INSIDE 
INTELLIGENCE 


Intelligence has enabled humans to reach for the moon, to cure 
diseases and, ultimately, to dominate this small blue dot of a planet. 


That much is obvious enough, but what intelligence really means, 


and whether it is a given or can instead be taught and change over 
our lives, remain contentious issues. 
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WHAT IS 
INTELLIGENCE 
ANYWAY? 


The attempt to define the essence of 
intelligence has been going on for more 
than a century. Many researchers now 
believe that a single measure of mental 
ability, the g factor, underpins our problem 
solving, musicality and perhaps even our 
creativity and emotional skills. 


MARIO WAGNER 


ONSIDER the engineer's superior 
spatial intelligence and the lawyer's 
command of words, and you have to 
wonder whether there are different 
types ofintelligence. This question 
was debated ferociously during the 
early decades ofthe 20th century. 
Overtime, it became clear that people 
who аге goodat one type of intelligence 
test tend to be good at all ofthem. 
This led British psychologist Charles Spearman to 
propose the idea of a general intelligence factor, or 
“р” inthe early 1900s. 

The g factor describes how, for example, your 
performance on atest of verbal ability predicts your 
score on one of mathematical aptitude, and vice versa. 
Spearman reasoned that all tests must therefore tap 
into some deeper, general ability, and he invented a 
statistical method called factor analysis to extract this 
common factor from the web of positive correlations 
among tests. This showed that tests mostly measure 
the very same thing: an individual’s ability to deal 
with cognitive complexity. Modern IQ tests measure 
a broad range of cognitive abilities to try to capture 
the elusive g factor. 

Spearman’s work lay neglected in the US until 
the 1970s, when psychologist Arthur Jensen began 
systematically testing competing ideas about g.One 
suggestion was that g could be a mirage, a coincidental 
link that just pops up by dint of trying to find links > 
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between things. Not so: it seems to line up with diverse 
features ofthebrain, from relative size to processing 
speed. Or perhaps g might be a cultural artefact, just 
reflecting the way people think in Western societies? 
Again, it seems not: in all human groups, and in other 
species too, most cognitive variation comes from 
variation in g. 
Even then, the idea took a while to take hold. In 
the 1980s, psychologist Howard Gardner at Harvard 
University argued for the existence of multiple 
intelligences, including “bodily-kinaesthetic”, “logical- 
mathematical" and "musical" to reflect that people 
vary intheir particular subset of skills. In the 1990s, 
theidea of emotional intelligence caught hold, and 
was put forward as an alternative way to be smart. 
Recent research indicates that so-called emotional 
intelligence - the ability to regulate one's emotions 
and relate to other people - is simply a mixture of 
general intelligence and personality. Likewise, most 
researchers now agree that differences between people 
come from a blend of abilities, skills and personality 
traits, not all of which are related to cognitive ability. 
When it comes to intelligence tests, these specific 
skills account for about half ofthe variation between 
people's performance. The other halfis down to р. "If you 
tooka sample of1000 people and gave them all IO tests, 
the people who do better on the vocabulary test will also 
do better, on average, on the reaction speed test, and so 
on, says Stuart Ritchie, an intelligence researcher at 
the University of Edinburgh, UK. Because of this, the 
general consensus is now that the set of skills that 
includes the abilities to reason, learn, plan and solve 
problems does indeed reflect a broad mental capability. 
But while the existence of g is now generally 
accepted, it is still difficult to pin down. Like gravity, 


we cannot observe it directly and can only understand 
it by observing its effects. At the behavioural level, 

g operates as an indivisible force - a proficiency at 
mentally manipulating information, which underpins 
learning, reasoning and spotting and solving problems 
in any domain. At the physiological level, differences 

in g probably reflect differences in the brain’s overall 
efficiency or integrity. 

One suggestion is that it reflects “mental energy”: 
the brains of people with high IQs seem to use less 
energy when performing mental tasks, and their 
neurons conduct signals faster. Possibly, then, clever 
brains are more efficient. Another idea is that smart 
people have greater working memory capacity, so can 
hold onto and process more information at any given 
moment. The genetic roots of g are even less clear, 
probably emerging from the joint actions of hundreds 
if not thousands of genes, themselves responding to 
different environments. 

Right now, the g factor has a lot in common with 
the X factor: we don’t know precisely why it makes 
someone stand out, just that it does. It is a useful ability 
to have when life tasks are complex, as they often are 
in school and work. It is also broadly protective of 
health and well-being, being associated with lower 
rates of health-damaging behaviour, chronic illness, 
post-traumatic stress disorder, Alzheimer’s disease 
and premature death. 

Yet while higher g is certainly a useful tool, it isn’t 
a virtue. Higher g might help an individual get ahead 
socioeconomically, but studies show it has little 
connection with emotional well-being or happiness. 
Neither does it correlate with conscientiousness, 
which is a big factor in whether someone fulfils 
their intellectual potential. Ш 
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WHY SOME PEOPLE 


ARE SMARTER 


The search for genes associated with 

brainpower is starting to bear fruit, but it doesn't 
tell the whole story. À person's intelligence is 
influenced by many subtle factors. 


NTELLIGENCE is a subject that is often difficult 
to discuss. One reason why is the belief held by 
some that it is something you are born with 
and so you can do nothing to influence it. This 
undercuts social equality, and feeds into a link 
between intelligence testing and eugenics -the 
beliefthat certain groups are innately "better" 
than others - which still looms large for many. 

There is no escaping the fact that intelligence 
is inherited to some degree. The IQ of children 
adopted at birth bears little correlation with that of 
their adoptive parents, but strongly correlates with 
that oftheir biological parents. What's more, this 
association becomes stronger as the children 
grew older. 

Infact, hundreds of studies all point in the same 
direction. In 2018, genes associated with intelligence 
were identified from the DNA Biobank, a database 
containing the DNA of more than 240,000 people. 
Their analysis identified 538 genes linked to intellectual 
ability, and 187 regions ofthe human genome that are 
associated with thinking skills. Some ofthese genes 
are also linked to other biological processes, including 
living longer. 

However, even with all these genes, it is still 
difficult to predict a person's intelligence from their 
genomes. At a population level, though, twin studies 
suggest that 50 to 80 per cent of variation in general 
intelligence between people is down to genetics. 

But while genes matter, they certainly aren't your 
destiny. Genetics set some limits on our intelligence, 
butitisthe environmentthat determines where within 
those limits a person ends up. In this regard, it is like 
height, another highly heritable trait. Children will 
grow taller ifthey eata nutritious dietthan willif » 
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"Well-nourished children 
brought up in safe, stimulating 
environments have higher 105” 


they eat a less nutritious one, because a good diet 
helps them achieve their full genetic potential. 

Likewise with intelligence, well-nourished children 
brought up in safe, unpolluted and stimulating 
environments score better in IQ tests than deprived 
children. Iodine deficiency during childhood is 
associated with lower IQ, and addressing this in 
countries where that is a problem has boosted 
cognitive skills. So, too, has treating parasitic worms 
and removing lead from petrol across the world. 

Other environmental influences on IQ aren't as 
obvious. Cases of abuse and neglect aside, twin studies 
suggest that the shared family environment has only 
a very small effect on cognitive ability. Robert Plomin, 
abehavioural geneticist at King's College London, 
argues that this means intelligence has less to do 
with parenting style than most people think. 

This raises the question of whether you can 
improve your intelligence, or whether you are 
stuck, by and large, with what life dealt you. 

Brain training companies would like you to believe 
that you can. This lucrative industry was born in the 
early 1990s, when a paper published in Nature revealed 
that students performed better on an intelligence 
test ifthey listened to Mozart whiletaking it. Other 
researchers have been unable to replicate this effect. 
Studies of computer games that claim to improve 
mental performance have produced mixed results too. 

One intervention has repeatedly been shown to 


work, however: education. A complicating factor is 
that intelligent children often remain in school for 
longer, butthat isn't the whole story. During the 
1960s, the Norwegian government added two extra 
years of compulsory education to its curriculum 
and rolled out the change gradually, allowing for 
comparisons between different regions. When 
researchers investigated IQ scores from tests taken 
by all Norwegian men as part of their compulsory 
military service, they concluded that the additional 
schooling added 3.7 IO points per year. 

This pattern has been seen elsewhere. A meta- 
analysis published in 2018 concluded that each 
additional year of schooling boosted IO by between 
1and 5 points. It might simply be that reading, studying 
arithmetic and accruing general knowledge are good 
training for the kind of abstract thinking you need 
to perform well in IQ tests. Schooling may also teach 
children to maintain their concentration. 

Whether adult education has a similar effect is 
less clear, and it hasn't been tested directly. But not 
alllearning happens in the classroom. One study 
comparing people's IQ scores at ages 11and 70 found 
that being in a more complex job was related to being 
smarter in later life, even after controlling for how 
smarta person was to begin with. This group still had 
some age-related decline, but it was less pronounced 
than in other people, suggesting that when it comes 
to intelligence, you either use it or lose it. I 
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INTELLIGENCE AND 
BRAIN STRUCTURE 


Whether it is through genetics or education and environmental influences, people 
do vary in general intelligence, and it is natural to try to account for that variation 
through differences in the structure or function of the brain. Exactly what those 
differences might be, however, is a matter of intense investigation. 


TUDIES have pinpointed a range of 
factors withinthebrain that correlate 
with greater or lesser degrees of general 
intelligence. People with larger brains 
dotend to have higher IOs, but it turns 
out that brain structure and 
connectivity are more reliable markers. 

Smarter people have wrinklier brains, 
for instance. The folding ofthe cortex is 
a product of its size, and studies suggest 
that the extent ofthe folding is correlated with speed 
ofthought and working memory. According to perhaps 
the best-supported theoretical model of intelligence, 
our cognitive abilities are highly reliant on a brain 
network linking the frontal lobes -associated with 
planning, organising and reasoning - with the 
parietal lobes, which collect and organise 
perceptual information (see diagram, page 63). 

These areas are most active when people perform 
ІО tests — although, interestingly, less so in people with 


higherIOs, which could indicate that their brains 
are working more efficiently. Strong white matter 
connections between these two lobes also correlate 
with better performance, particularly in subtests 
requiring mental speed and reasoning. 

Another clue comes from the size ofthe brain cells 
themselves. In 2018, Natalia Goriounova at the Free 
University Amsterdam in the Netherlands and her 
colleagues studied 35 people who needed surgery for 
brain tumours or severe epilepsy. Each took an IQ test 
just before the operation. Then, whilethey were under 
the knife, small samples of healthy brain tissue were 
removed and kept alive for testing. 

The samples all came from the temporal lobe, a brain 
areathat helps us make sense of what we see, recognise 
language and form memories, all of which factor into 
intelligence. Examining this tissue revealed that brain 
cells are significantly bigger in people with higher IQ 
scores than those with lower ones. The bigger cells also 
have more dendrites – ће projections that connect > 
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SECRETS OF 


EINSTEIN'S BRAIN 


One of the greatest scientific minds 
of alltime ended up in 240 pieces, 
packed into a couple of jars, and was 
carted around for years in the trunk 
of Princeton University pathologist 
Thomas Harvey's car. At the time 
of his autopsy in 1955 (just 7 hours 
after his death), Albert Einstein's 
brain was reported by Harvey to 
appear unremarkable - it was a 
little shrunken with age, and slightly 
smaller than average. Nevertheless, 
Harvey carefully photographed and 
dissected it, and kept it preserved 
in formalin until science had new 
ways to scrutinise this amazing 
grey matter. 

In the early 1980s, neurologist 
Marian Diamond at the University 
of California, Berkeley, analysed 
some slides containing sections 
of Einstein's brain taken from the 
prefrontal and parietal lobes. These 
areas are part of the "association" 
cortex, which is involved with higher 
thought. Comparing the slides with 
similar tissue from 11 control 
brains, she found that Einstein's 
brain contained a greater than 
normal ratio of glial cells to neurons. 
Until recently, glial cells were 
thought to be support cells for the 
neurons, important in providing 
energy and resources but not much 
more. They are now known to be 
involved in neural processing and 
signal transmission too. 


< 


Turn back to page 14 for тоге 
on different types of brain cell 


The absolute numbers were hard 
to measure because of the way the 


Tissue from Albert Einstein's brain 
was preserved following his death 
in 1955 to see what it might reveal 
about the nature of genius 


tissue was preserved and 
sectioned, but Einstein's brain 
appeared to have double the 
normal number of glial cells 
in the left parietal region. 
Diamond compared her 
findings with a case report of a 
mathematician whose brain was 
damaged in this same region, and 
who became unable to draw or 


write formulae or to use a slide rule. 


Some eminent mathematicians say 
abstract concepts feel almost real, 
to the point that it is as if they exist 
in the brain and can be manipulated 
like real objects. Perhaps the left 
parietal region, which is known 

to be important for visuospatial 
cognition, is key. 

There are other possibilities, 
however. Einstein claimed to be 
dyslexic and to have a poor memory 
for words. Damage to this region 
can cause dyslexia, so maybe his 


low neuron-to-glia ratio was 
a cause or result of his verbal 
difficulties rather than his 
reasoning skills. 

Another study in the mid 1990s 
looked at the outer millimetre of 
cortical tissue from Einstein's right 
prefrontal lobe, a region that is 
associated with working memory, 
planning, regulation of intellectual 
function and motor coordination. 
Britt Anderson at the University of 
Alabama at Birmingham reported 
that the number and size of neurons 
here appeared normal, but that the 
cortex was thinner than average 
(2.1 millimetres compared with 
2.6 millimetres in five control 
brains), making Einstein's cortical 
neurons more densely packed than 
usual. Anderson speculates that 
closer packing may speed up 
communication between neurons. 

Then, in 1998, Sandra Witelson 
at McMaster University in Ontario, 
Canada, studied Einstein's brain 
again, this time from photos. It 
appeared unremarkable in this 
analysis except for the parietal 
lobes. Here, the brain was 15 per 
cent wider than average, giving it 
a more spherical shape. In addition, 
two major grooves in this area were 
joined into one large furrow, which 
suggests the local circuitry was 
particularly highly integrated. 
What's more, while normal brains 
are asymmetrical, Einstein's 
parietal lobes were symmetrical. 
This all lends weight to the idea 
that his brain structure may have 
been unusual in some key areas 
that are important for spatial 
and reasoning skills. 
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The human brain operates using specialised processing units 


FRONTAL LOBE 
Problem-solving, complex thinking, decisions 


PREFRONTAL CORTEX – 
Planning complex behaviour 


TOP BRAIN 


Creates and monitors plans 
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BOTTOM BRAIN 


Classifies and interprets information 


TEMPORAL LOBE 
Language, hearing, processing 
sensory information into memories 


to other neurons - and the dendrites are longer, 
suggesting that these neurons may be capable 
of receiving and processing more information. 

The team also tested neurons’ ability to transmit 
electrical signals by putting current through them, 
gradually upping the frequency. Neurons from people 
with low IQs coped with low frequencies, but became 
fatigued and slower as the frequency rose. Cells from 
people with high IQs didn’t slow down, however. 
What isn’t clear yet is whether larger brain cells 
are a cause or effect of greater intelligence. 

Then there is the way these neurons are packed 
together. Manuel Casanova at the University of 
Louisville, Kentucky, studied post-mortem brain 
tissue from three eminent scientists and found that 
there were interesting patterns inthe arrangement 
of cortical neurons. 

The smallest processing module of neurons in the 
cortex is called a minicolumn - a vertical arrangement 
of cells that seem to work as a team. The scientists’ 
minicolumns were smaller than those of control brains, 
with less space between cells, meaning there were 
more processing units within any given cortical area. 
Computer modelling suggests that smaller processing 
units may allow for better signal detection and more 
focused attention. Small minicolumns have also been 
seen in people with autism and Asperger's. 

This may be relevant to studies of savants — people 
who show one remarkable skill in complete isolation 
to their other mental functions. Savants either have 


MOTOR CORTEX 
Planning and executing movement 


PARIETAL LOBE 
Integration of sensory 
information, perception 


DIDIT 
2... 


OCCIPITAL LOBE 
Visual processing 


- VISUAL CORTEX 


AUDITORY CORTEX 


HIPPOCAMPUS 
Memory 


autism or have experienced brain damage at birth or 
later in life, and their general intelligence, excepting 
their remarkable skill, is poorerthan average. Some have 
photographic memories of complex scenes and can 
draw or sculpt unbelievably accurate representations. 
Others can calculate numbers, squares, primes or 
calendar dates with great facility. Some can 

remember entire books, гае off a piano concerto 

after a single hearing or draw perfect circles by hand. 
How they do thesethings is largely still a mystery. 

Some researchers claim that practice, which is clearly 
Obsessive and focused in some savants, could explain 
their skills. Others believe that developmental errors 
in the brain leave a few rare people with an incredible 
focus on detail, while losing the more general view. 
This might be because of damage, or perhaps an 
unusual pattern of connectivity in theleft hemisphere, 
which sees the big picture, with overcompensation by 
the more detail-conscious right. 

Certainly, injury to the left hemisphere can lead 
to features of autism, and MRI scans of people with 
autism suggest differences in white matter, with 
hyperconnectivity in some regions but fewer 
connections overall. 

Some researchers, notably Allan Snyder from the 
Centre for the Mind in Sydney, Australia, has claimed 
that savant-like skills lie within us all and could be 
released via targeted brain stimulation, but so far 
evidence remains limited that just anyone can 
unleash anything like a savant's skill set. Ш 
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IS HUMANITY GETTING 
LESS INTELLIGENT? 


105 have been rising for decades, but now they seem to be on the slide, especially 
in richer parts of the world. That might be because there is only so much that 
better nutrition and increased educational opportunities can do for intelligence - 
although other, more disturbing explanations have also been suggested. 


N DENMARK, every manis liable for military 
service at the age of 18. As part ofthe assessment 
procedure, each does an IO test. Until recently, 
the same one had been given to 30,000 young 
men every year since the 1950s. 

Over this time, there has been a dramatic 
increase in the average IQ of Danish men. 
So much so that what would have been an 
average score in the 1950s is now low enough 
to disqualify a person from military service. 

The same phenomenon has been observed in many 
other countries. In the US, average IQ rose by 3 points 
per decade from 1932 to 1978. In post-war Japan, it shot 
up by 7.7 points per decade, and two decades later 
it started climbing at a similar rate in South Korea. 
Everywhere psychologists have looked, they have 
seen the same thing: that each generation has been 
measurably brighter than the last. 

But this cheerful chapter in social history seems to 
be drawing to a close. In Denmark, the most rapid rises 
in IQ, of about 3 points per decade, occurred from the 
1950s to the 1980s. Scores peaked in 1998 and have 
actually declined by 1.5 points since then. Something 


similar seems to be happening in a few other developed 


countries, too, including the UK and Australia. 


What is going on? The most controversial explanation 
is that rising IQ scores have been hiding a decline in our 
genetic potential. That raises the worrying prospect ofa 


future of gradually declining intellectual wattage. 


The previously steady rise in test scores has come 
to be known as the “Flynn effect” after James Flynn 
at the University of Otago in New Zealand, who was 
one of the first to document the trend. Much has been 
written about why this has been happening. There 
may be a cultural element, with the rise of television, 
computers and mobile devices making us better at 
certain skills. The biggest IQ increases involve 
visuospatial skills. Increasing familiarity with 
test formats may also play a role. 

The general view, though, is that poor health and 
poor environments once held people back, and still 
do in many countries. Wherever conditions start to 
improve, though, the Flynn effect kicks in. With 
improved nutrition, better education and more 
stimulating childhoods, many people around the 
world really have become smarter. 

If better nutrition and education have led to rising 
IQs, the gains should be especially large at the lower 
end of the range, among the children of those with 
the fewest advantages in their lives. Sure enough, that 
is what testers usually see. In Denmark, for example, 
test scores of the brightest individuals have hardly 
budged-the score needed for an individual to place 
in the top 10 per cent of the population is still about 
what it was in the 1950s. 

If social improvements are behind the Flynn effect, 
then as factors like education and improved nutrition 
become common within a country, their intelligence- 
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SHRINKING 
BRAINS 


Don't panic, but our brains have 
been getting smaller for at least 
10,000 years. An average European 
woman today, for example, has a 
brain about 15 per cent smaller than 
that of her counterpart atthe end of 
the last ice age. 


It has been suggested that with 
the rise of agriculture and towns, 
and increased division of labour, 


people could survive even if they 
weren't as smart and self-sufficient 
as their hunter-gatherer ancestors. 
But smaller doesn't necessarily 
mean less powerful. Brains are 
costly to operate, so evolution is 
likely to favour increased efficiency. 
Modern brains might do just as 


much - or even more - with a smaller, 


more efficient package. 


boosting effects should taper off, nation by nation. 
Those signs are indeed appearing - it seems we are 
seeing the beginning ofthe end ofthe Flynn effect 
in the richer parts ofthe world. 

But IQ scores aren't just levelling out, but appear 
to be declining. Should we be worried? Not according 
to Flynn, who argued that the evidence remains sparse 
and sometimes contradictory, and could just be due 
to chance. 

There is a more disquieting possibility, though. 
Afew researchers think that the Flynn effect has 
masked an underlying decline in the genetic basis of 
intelligence. In other words, although more people 
have been developing closer to their full potential, 
that potential has been declining. 

Most demographers agree that in the past 150 years 
in Western countries, the most highly educated people 
have been having fewer children than is normal in the 
general population. Others argue that global migration 
might explain the changes, because incomers may be 
less familiar with the tests. 

A 2018 study from Norway, however, found that IQ 
decline was happening among different generations 
of men from the same family, suggesting that whatever 
is driving the effect, it isn't because of reduced fertility 
orimmigration, but seems to be more an 
environmental effect. 

The coming decades should provide a definitive 
answer. If what we are seeing in countries like Denmark 
is merely the end ofthe Flynn effect, IO scores should 
stabilise in developed countries. If not, we should see 
a continuing decline. 

Either way, itis important to remember than IQ isn't 
the only measure of intelligence, or indeed a reliable 
predictor of success in life. And for anyone concerned 
about the potential for getting stupider, the answer can 
besummed upin one word: education. It won't make 
everyone equal, but it will lift all boats to their 
maximum potential. li 
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— CHAPTER 5 


WHEN 


When you consider the complexity of the human brain, 
you might say it's a miracle it ever works at all. 


When problems arise in the brain, they can be both debilitating 


and difficult to fix. That is why they are a major focus of 
study in modern neuroscience and medicine. 
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THE CAUSE(S) OF 
MENTAL ILL HEALTH 


Mental health conditions, including everything 
from depression and phobias to anorexia and 
schizophrenia, are shockingly common. They are 
thought to affect around one in six people at 
some stage in their lives - although that may 
well be an underestimate. But while 

these conditions come in all shapes and sizes, it 
is possible that they are variations on the same 
communication problem in the brain. 


MARIO WAGNER 


IAGNOSING mental health 
conditions usually involves 
evaluating a person's symptoms 

to determine which ofthe hundreds 
of conditions listed in psychiatry's 
classification bible, the Diagnostic 
and Statistical Manual of Mental 
Disorders, best fits their experience. 
Treatment will vary depending 

on the condition diagnosed. 

But there is growing evidence that this approach 
may be missing something important. Instead of being 
separate conditions, many mental health conditions 
appear to share an underlying biological cause, 
something researchers now call the "p factor". This 
has intentional parallels with one ofthe most famous 
concepts in psychology, the general intelligence or 
"g factor" introduced by British psychologist 
Charles Spearman more than a century ago. 


€ 
Turn back to page 56 for more on the g factor 


A century on, applying Spearman’s approach of 
statistical factor analysis to mental health diagnoses 
provided the first hints that something similar might 
be going on. There is a wide range of mental health 
conditions that manifest with different behavioural » 
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and psychological symptoms. Like cognitive skills, they 
cluster together in individuals, either at the same time or 
after another. In 2012, Benjamin Lahey at the University 
of Chicago, Illinois, and his colleagues analysed data on 
such diagnoses among 30,000 people studied over 
three years. Using factor analysis, they found that the 
observed patterns ofillness were best explained by a 
general tendency towards mental health conditions. 

Thefollowing year, Avshalom Caspi and Terrie 
Moffitt at King's College London got the same result. 
Their study used information from 1000 people whose 
health had been tracked for four decades since their 
birth in the early 1970s. It was Moffitt and Caspi who 
coined the term p factor to describe an individual's 
broad susceptibility to mental health conditions. 

The p factor can also explain puzzling patterns of 
mental health conditions within families. It had long 
been known that these conditions have a genetic basis 
andare highly heritable. Twin studies have estimated 
the heritability of schizophrenia, for example, at nearly 
80 percent, and major depression at about 45 per cent. 

But having a parent or sibling diagnosed with a given 
condition doesn't just increase the odds that you will 
experience it. It also increases the likelihood that you 
will be diagnosed with a different condition. For 
instance, ifa parent has schizophrenia, your risk of 
developing bipolar disorder doubles, and vice versa. 
That makes sense if you inherit not just a risk for one 
kind of condition, but a more generalised risk. 

The breakthrough for the p factor idea came a 
few years before Moffitt and Caspi coined the term. 

In 2009, the International Schizophrenia Consortium 
genetically analysed more than 3000 people diagnosed 
with the condition. Instead of pulling out one or a few 
genetic variants with big impacts on schizophrenia 
susceptibility, the analysis found that the condition 
was linked to thousands of variants, each having a 
small effect. Intriguingly, these same variants also 


increased the risk of bipolar disorder. 

Later, this kind of analysis was extended. In 
2013, an international group called the Psychiatric 
Genomics Consortium completed a landmark study. 
Scientists analysed genomic data from morethan 
30,000 people diagnosed with conditions including 
bipolar disorder, major depression and schizophrenia. 
Again, genetic risk variants cut across the traditional 
diagnostic boundaries of psychiatry. 

Studies that have drawn on information from more 
than 7000 pairs oftwins estimated the heritability 
ofthe p factor at around 55 per cent. This means that 
genetic differences explain a little over 30 per cent of 
the variation between people's general susceptibility 
to mental health conditions, with the rest being driven 
by non-genetic factors. The study also showed that the 
p factor is stable across a person's lifetime. 

In 2018, Gandal and his colleague Dan Geschwind led 
ateamto find out what the p factor actually is, in terms 
of how it manifests in the brain. They analysed gene 
expression in the cortex, the brain's outer layer where 
higher cognition occurs, from 700 post-mortems of 
people diagnosed with mental health conditions. They 
found that conditions that share the most genetic risk 
factors, like schizophrenia and bipolar disorder, look 
very similarin their gene-expression pattern. Many 
ofthe genes involved control activity at synapses, 
the junctions between neurons. 

А 2019 study found something similar. After 
investigating 7000 sets ofgenes involved in a wide range 
of biological pathways, it turned out that 14 contained 
genes with variants linked to five common mental health 
conditions. Almost all ofthese gene sets have a function 
in neurons, and most play a role in the synapse. In other 
words, the p factor seems to have something to do with 
communication between brain cells. 

There is, as Caspi is quick to stress, more to the story 
than genes. "The genetic work is exciting, but what's 
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Psychiatric conditions have many genes in common, 
supporting the idea that there is an underlying cause that 
makes individuals more or less susceptible to them 
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really remarkable about most psychiatric disorders 

is that they sharethe same environmental and 
psychosocial risk factors as well,” he says. "Child abuse 
of any kind, for example, predicts every condition 
under the sun.’ The same is true for drug and alcohol 
abuse, and traumatic experiences during childhood, 
such as being displaced by warfare. 

Maxime Taquet at the University of Oxford and his 
colleagues believe they have identified a “vulnerability 
network” in the brains of children at high genetic risk 
of developing mental health conditions. Comparing 
their brain scans with those of children with alow 
genetic susceptibility, Taquet and his team found large 
differences in three key areas: a structure called the 
default network that is active while the brain is at rest, 
a second structure involved in planning and control, 
and the part of the brain that processes vision. 

Ina similar study, Caspi and Moffitt found that 
people with a higher p factor have differences in a 
brain circuit crucial for monitoring and processing 
information so it can be used in higher cortical 
functions, such as regulating emotions, thoughts 
and behaviours. Inflammation, an immune response 
to stress, may also play a role. 


v 


See page 75 later in this chapter for more on 
inflammation and mental health 


Itis still something ofa mystery how having a 

brain with these sorts offeatures might influence an 
individual's psychology. Caspi and Moffitt think that 

a high p factor probably manifests as a combination of 
disordered thinking, difficulties regulating emotions 
anda tendency towards negative feelings. However, 
even ifthese links aren't yet clear, the p factor idea 

may be useful for diagnosing mental health conditions 
and for treating them when they arise. Ш 


Chapter 5 | When brains go wrong | 71 


ANXIOUS 
BRAINS 


Various forms of anxiety disorder are 

highly prevalent in humans. While we are 
still a long way from fully understanding 
what is going on in an anxious brain, recent 
studies offer some insights into why anxiety 
seems to take over in some people. 


TIS obvious why our brains would have a highly 
developed system for dealing with perceived 
threats —in an evolutionary sense, recognising 
threats and responding appropriately is the 
difference between surviving and not. 

Central to it all is the amygdala, a brain 

region that processes our emotions and 
triggers the release of the hormones 
responsible for the fight-or-flight response. 

The amygdala is linked to parts ofthe 
prefrontal cortex and another area, the anterior 
cingulate cortex, that process social information and 
help us make decisions (see diagram, right). During 
bouts of everyday anxiety, this brain circuit switches on 
and then off again - but Oliver Robinson at University 
College London and his colleagues have shown that in 


The amygdala is responsible for initiating the fight-or-flight response. 

Two circuits feed into it, one that enhances its activity and one that dampens 
it. In people with anxiety disorders the normal workings of these circuits 
are disturbed, and the amygdala is hyperactive 


@ Enhances anxiety 
PREFRONTAL 
AND ANTERIOR 
CINGULATE CORTEX 
Amplifies negative information 
in your surroundings and makes 
you pay attention to it 


© Tempers anxiety 


PREFRONTAL CORTEX 

Centre for rational, logical thought. 
It is involved in laying down new 
memories and tempering learned 
fear responses 


Ф 


Fight-or-flight response 
(sweaty palms, racing heart etc) 
AMYGDALA 
Emotional memories and our learned 
reactions to them are stored here. When 
active, it triggers the release of hormones 
responsible for the fight-or-flight response 
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people with anxiety disorders, it seems to get stuck 
in the on position. “We think it might be amplifying 
negative information in your surroundings to make 
sure you pay attention to it, and triggering a fight-or- 
flight response so you'll run away,’ says Robinson. 


Turn back to Chapter 1 for more on 
the brain's structure 


Studies suggest that fear memories stored in the 
amygdala prime us to respond to threats we have 
previously experienced. This response is normally 
kept in check by a parallel circuit: in healthy people, 
inputs from the prefrontal cortex can temper our 
learned response and even overwrite it with new 
memories. Occasionally the system fails, however. 
Psychiatrists have found that war veterans with 
post-traumatic stress disorder- a kind of anxiety 
disorder - have abnormally low levels of activity 

in their prefrontal cortex, and unusually high levels 
in their amygdala. 

Ultimately, an overactive amygdala appears to 
hype up the familiar symptoms of the fight-or-flight 
response by stimulating a network of hormonal glands 
and brain regions called the HPA axis, causing rapid 
heart rate and breathing, a dry mouth, shaking and 
tense muscles. The fight-or-flight response also has 
less obvious effects, like slowing digestion and making 
us more susceptible to pain. 

Understanding these interactions will help design 
better treatments. For instance, the circuit studied by 
Robinson’s team switches on when levels of the 
neurotransmitter serotonin are low, which could 
explain why a class of antidepressants known as SSRIs 
can reduce anxiety levels: they increase the availability 
of serotonin in the brain. “Maybe serotonin is applying 
the brakes to this particular circuitry, says Robinson. Ш 


THE RISE 
OF DEMENTIA 


Dementia is a condition that usually strikes 
people in older age, leading them to become 
progressively more forgetful and confused. 
As more people live longer, absolute rates of 
dementia are on the rise - but there are things 
we can all do to minimise our risk. 


EMENTIA is becoming the leading 
cause of death in many Western 
countries. Some of this is down to 
doctors being more willing to put 
dementia on death certificates, but 
there is also a real rise. Dementia 
doesn't kill directly, but by making 
people frailer and less ableto eat, 
it leaves them vulnerable to 
infections like pneumonia. 
Alzheimer’s disease is the most common form 
of dementia, in which people become forgetful and 
confused, usually starting in older age. People with 
Alzheimer’s have a build-up of two kinds of protein 
clumps in the brain: amyloid and tau. These seem 
to start forming іп our memory centres, two small, > 
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" You are less likely to 
develop dementia than 
your grandparents were" 


curved structures on either side of the head called 
the hippocampi, before spreading all over the brain. 

Foralongtime, we thought that these proteins, 
particularly amyloid, were the root cause of 
Alzheimer's, but many experimental therapies that 
attacked them in some way have failed to reverse or 
even slow the condition's progression. And autopsies 
often reveal the proteins in people who showed 
no signs of dementia when they were alive. So 
some suspect that the protein build-up is more 
ofa side-effect of Alzheimer's than the root cause. 

What could bethe realtrigger? One idea is that 
it could be the bacteria involved in gum disease. 

These microbes are found more often in brain samples 
from people with the condition, and they trigger 
Alzheimer's when injected into mice. A vaccine and 
ananti-bacterial treatment are in the works. 

Another school ofthought is that Alzheimer's is 
caused by failure ofthe brain's sewage disposal system. 
This "glymphatic" system, a network of fine tubes that 
drain fluid out ofthe brain, kicks in when we sleep, and 
people with Alzheimer's often have sleep problems. 
Some have suggested that it could be caused by air 
pollution or inflammation, or that it is a form of 
diabetes affecting the brain. 

Other forms of dementia include vascular dementia, 
linked with an impaired blood supply to the brain, and 
dementia with Lewy bodies, where there are deposits 
of another kind of protein and there are symptoms that 
overlap with Parkinson's disease. And some people 
have mixed dementia, where there is more than one 
disease process going on. Often the exact diagnosis is 


unclear, because itis only possible to be sure by 
looking at the brain after death. 

Dementia is of great concern to health services, not 
only because there is no good treatment, but because 
the number ofthose affected is rising. But the picture 
isn't all gloomy. Although more people are getting 
dementia, it is because more of us are living longer: our 
individual risk ofgetting dementia by a certain age has 
been falling for some time. In other words, even though 
there is a genetic aspect, you are less likely to develop 
it than your grandparents, other things being equal. 

Thereason forthis fallin people's risk over the 
generations is unclear, butthe trend isn't that 
surprising, because some lifestyle habits that are linked 
with dementia, such as smoking, are becoming less 
popular. You can also lower your risk by looking after 
your health and getting enough exercise. More specific 
lifestyle factors that have been linked with a reduced 
risk of developing the condition include eating a 
Mediterranean-style diet and keeping blood pressure 
under control. There is a saying among doctors that 
what is good for your heart is also good for your brain. 

Less well-known is that people who stayed longer 
in education in their early life are less likely to get 
dementia. It seems that people whose lives are more 
intellectually stimulating are somehow protected 
from the mental decline that comes with old age, 
as ifthey build up a "cognitive reserve". It might be too 
late to go backto school, but other ways of staying 
mentally sharp into old age also seem to be protective, 
such as starting new hobbies or just keeping up an 
active social life. Il 
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WHEN 
BRAINS 
BECOME 
INFLAMED 


The body’s immune system is designed 
to make us hide away when we get sick. 
But modern life could be sending this 
recovery response off track in ways that 
leave us vulnerable to depression and 
neurodegenerative disease. 


E MAY not have recognised it, 
but everyone has experienced 
how inflammation affects the 
brain. The lethargy and low 
mood that sweep over us 
when sickness strikes, driving 
us to curl up under a duvet, is 
a direct consequence of the 
body’s response to infection 
or injury. 

On detection of a harmful stimulus, macrophages, 
a type of white blood cell, release signalling molecules 
called cytokines. These signals of inflammation 
rally other immune cells to the scene to help fight 
infection or repair damage. They also make their way 
to the brain, which has a separate immune system 
to the rest of the body, divided by the blood-brain 
barrier. These bodily inflammation signals trigger 
neuro-inflammation, courtesy of the brain’s microglial 
cells. These secrete further cytokines, which bring 
about “sickness behaviours”: low mood, loss of 
appetite and lethargy. 

In recent years, scientists have begun to wonder 
if inflammation may be an important factor in the 
soaring levels of mental ill health in modern society. 
Perhaps our brains are being bombarded with low-level 
signals that we should be feeling under the weather? 
If that is the case, it is a cause for optimism -turn off 
the inflammatory signals in the body, and you might 
be able to modify or even banish the symptoms in 
the brain. Even better, there may be readily available 
drugsthatcould help. > 
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An overactive immune system could contribute 
to the symptoms of Alzheimer's disease 


HEALTHY BRAIN 


Microglial cell 


е. — — — Cytokine 


Inflammation signals 
from body 


Infection or injury causes inflammation, which sends signals that 
activate microglia - immune cells in the brain. These secrete 
molecules called cytokines, which promote "sickness behaviours": 
feeling lethargic, Low mood, loss of appetite etc 


That inflammation affects mood makes perfect 
sense from an evolutionary perspective – if our early 
ancestors felt tired and miserable when they were 
ill they would be less likely to leave their caves, and 
therefore to spread germs or pick up another infection 
whiletheimmune system was compromised. And the 
drive to rest allows the body the time it needs to heal. 

But there is reasonto think that this protective 
system backfires in modern life. Conditions like 
diabetes and osteoarthritis cause constantly 
elevated levels of inflammation. People who have 
diabetes or rheumatoid arthritis are known to have 
elevated baseline levels of inflammation and to also 
be at higher risk of depression. In the US, people with 
diabetes aretwice as likely to have depression as 
the average person. About a third of people with 
depression also have higherthan normallevels of 
inflammatory cytokines in the blood, and most of 
these people don't respond to standard drugs. 

Obesity and stress are also well-known triggers 
for inflammation. And early-life stress seems to 
be particularly harmful. A study that measured 
inflammation in children and followed them into 
adulthood found that, by the time they were 18, 
those who had high levels of inflammatory markers 
intheblood when they were 9 years old were 


ALZHEIMER'S BRAIN 


Activated 
microglial cell 


Amyloid plaque 
(characteristic of 
Alzheimer’s) 


The plaques that are characteristic of Alzheimer’s disease mean 
microglia are already activated. Inflammatory signals from an 
infection, stress, or chronic disease cause them to secrete cytokines 
at toxic concetrations that kill off neurons 


significantly more likely to have had bouts of 
depression, or other mental health conditions 
including schizophrenia. 


c 
Turn back to page 28 for more on the teenage brain 


Some psychiatrists think that trauma when a child's 
mind and body are still developing can hardwire the 
immune system to run high fora lifetime, presumably 
as an adaptation for living in dangerous environments 
where there is a high risk of injury. Strong evidence for 
this comes from the Dunedin Multidisciplinary Health 
and Development Study in New Zealand, which 
continues to follow more than 1000 people born in 
1973. Those who were abused or neglected as children 
tended to have much higher levels of inflammation 

in adulthood than those who had had a relatively 
stress-free childhood. 

These findings have led to trials of anti-inflammatory 
medicines for people with treatment-resistant 
depression. Unfortunately, like all treatments for 
depression, it isn't a one-size-fits-all situation. Trials of 
anti-inflammatory drugs have shown that while they 
can be effective in reducing symptoms in people with 
high levels of inflammation, it made matters worse for 
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people whose inflammatory markers were already 
low. Attempts to treat schizophrenia with anti- 
inflammatory drugs have also had mixed results, 
and much more research is necessary. 

One hopeis that ifsome cases of mental illness 
can be traced to a physical problem with the immune 
system, it might also help overcome the stigma and 
discrimination that is thought to deter half of people 
with depression from seeking treatment. The 
challenge for research now is to work out which 
people anti-inflammatories might be helpful for, 
and which drugs might help. 

As well as playing a major role in mental ill health, 
inflammation has also been targeted as a factor in 
dementia, where it potentially triggers the death of 
cells seen in neurodegenerative conditions such as 
Alzheimer's disease. 

Alzheimer's diseaseis the most common form of 
dementia, and is characterised by deposits of amyloid 
and tau proteins in the brain. The link between 
inflammation and dementia comes from the brain's 
microglia. One ofthe many roles ofthe microglia is to 
scavenge debris from the brain. One idea is that these 
cells are activated by characteristic deposits of amyloid 
protein in the brains of people with Alzheimer's, 
but they struggle to remove it and so are kept in 


a chronically excited state. Because they are already 
in their activated form, microglia are secreted at such 
high concentrations that they kill surrounding 
neurons (see diagram, page 76). 

Support for this comes from genetic studies that 
have found people with the disease are more likely 
to have mutations in genes that keep the activity of 
microglia in check. 

Early clinical trials suggest that an anti-inflammatory 
drug called etanercept was safe for use in people with 
Alzheimer’s. There were also hints that the treatment 
helped with some symptoms, including poor memory. 
Larger trials will be necessary to see ifthis approach can 
haltthe progression ofthe disease. 

Knowing that inflammation plays a role in mental 
health, and potentially neurodegeneration, also means 
we can all take steps to buffer ourselves from its effects. 
Obesity, smoking, inactivity and a poor diet can all 
increase inflammation. Conversely, regular exercise 
anda diet rich in omega-3 oils and wholegrains have all 
been shown to reduce it. Many studies have reinforced 
the link between unhealthy lifestyles, depression and 
chronic inflammatory conditions, such as obesity. 

And the discovery ofthe link between obesity and 
Alzheimer's has led some to call it a kind of “brain 
diabetes”, that -in theory - can be tackled at source. E 
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HOW TO TREAT 
A SICK BRAIN 


There are few effective treatments for MUSIC THERAPY 
maladies of the brain. Talking therapies and HUMANS evolved as music lovers —so it perhaps 
anti depressan t medications help against shouldn't be too surprising that research is finding 


that it can benefit our neurological health, reaching 


some forms of depression. But they have their part ofthe brain that other treatments don't. 
ae . қ Until recently, research into music therapy was 
limitations, and the drugs can bring risk of 


thin on the ground. Then, in 2016, a team at Queen's 


dependency. With other conditions, the University Belfast, UK, published results from one of 
. M i di the first large randomised controlled trials to 
options are even more limited, which is why 


investigate the psychological effects of music therapy. 
some researchers are looking at some more The research showed musical improvisation can boost 
. . self-esteem and reduce depression in children and 

left-field alternatives. adolescents with behaviouraland emotional problems. 

We know that music has some interesting effects on 
our brains. Plenty of studies show that listening to the 
music you like - whatever it is - stimulates the reward 
centres and makes you feel good. This is partly down to 
the release of dopamine, a signalling chemicallinked to 
reward. Studies suggest that the brain's natural opioids 
also play a part. Their findings might help explain why 
music can act as an analgesic. Some hospitals already 
use itto help relieve pain after surgery. 

Sometypes of music may have greater healing 
potential than others. A key factor appears to 
be rhythm. One reason is that neurons in the 
brainstem seem to fire synchronously with the 
tempo of sounds we hear. A review of research on the 
neurochemistry of music concluded that slow-tempo 
music can reduce heart rate, blood pressure, body 
temperature and other responses controlled by the 
brainstem. Such rhythm effects might help music 
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combat stress and anxiety. 

Music therapy is also well established for treating 
speech and memory problems. For people with 
dementia, such as Alzheimer’s disease, playing a 
favourite song can, in some cases, trigger memories. 


PSYCHEDELIC TREATMENTS 


There is a growing body of evidence that some 
psychedelic drugs can be used to treat a variety of 
neurological conditions. In 2016, Robin Carhart-Harris 
at Imperial College London published the results of 
the UK' first clinical trial of psilocybin – ће active 
ingredient in magic mushrooms - for treatment- 
resistant depression. It was a small trial with no 
control group, but the results gave cause for optimism, 
with five ofthe 12 participants no longer clinically 
depressed three months after the treatment. 

Ayahuasca, a hallucinogenic concoction drunk for 
centuries as part of religious rituals in South America, 
has also been found to improve hard-to-treat 
depression. It contains the psychedelic compound 
dimethyltryptamine (DMT). 

While research into psychedelics is still thin on 
the ground, a meta-analysis of six studies carried 
out between 1966 and 1970 concluded that LSD was 
as effective as the standard treatment for alcoholism. 
And Ibogaine - derived from the iboga plant - has been 
used to treat heroin addiction. MDMA, or ecstasy, was 
found to help people who have experienced trauma. 


The active ingredient in magic 
mushrooms, psilocybin, could help 
against some forms of treatment- 
resistant depression 


There is a wealth of ideas about what goes on in 
the mind after someone takes a psychedelic substance. 
One is that the ego - your sense of yourself as a 
separate entity – dissolves, as the brain's “default 
mode network" goes offline, and brain areas that 
don't normally communicate with each other start 
working together. 

Such drugs may also make our minds more 
malleable and open to new ways ofthinking about 
the world and ourselves, which could help to break 
the negative patterns often associated with depression. 

Brain-scanning technology has allowed objective 
neuroscience to start catching up with the subjective 
experiences brought on by psychedelics. Scans have 
helped us discover that people who were under the 
influence of psychedelic drugs show more diversity 
in their patterns of brain activity than people who 
hadn'ttaken the drug. 

Recent work may have found out how LSD creates 
its long-lasting trippy effect. And brain scans of 
frequent ayahuasca users suggest that the visions 
it induces appear to be as real as anything the eyes 
actually see. Yet a psilocybin trip may be similar to a 
dream - they look similar in an fMRI brain scanner. 

The fact that so many ofthese drugs are illegal 
makes research logistically difficult. Despite this, 
the renewed interest in psychedelics science, and the 
necessarily painstaking nature oftoday's researchers, 
make it unlikely that this genie will be squashed back 
intoitslampanytimesoon. > 
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KETAMINE 


Ketamine has been used as an anaesthetic since the 
1960s. More recently, it has attracted attention as a 
potential treatment for depression and addictions. 

The drug induces a feeling of profound 
disconnection with the outside world, as well 
as distortions of space and time. These peculiar, 
psychedelic sensations make ketamine popular 
as a recreational drug. 

While street use comes with the risk of addiction, 
incontinence and loss of consciousness, ketamine may 
have enormous value in psychiatry. Unlike established 
antidepressants, which take weeks of daily medication 
to have an effect, an infusion of ketamine seems to 
relieve depression straight away and doesn’t need to 
be taken so often. In 2019, a nasal spray ofa form of 
Ketamine called esketamine was approved by the 
US Food and Drug Administration. 

The drug works by blocking NMDA receptors in the 
brain, which mediate the effects of a chemical called 
glutamate. Why this seems to be effective in treating 
mental ill health still unclear, but it may guide us 
towards a new understanding of depression. The 
dominant idea since the 1960s has been that the 
condition is caused by an impaired serotonin 
system in the brain. But common antidepressants 
designed to correct this don't work for a large 
proportion of patients. An alternative idea is that 
depression affects neuron structure of, and glutamate 
helps repair the damage. By blocking its receptors, 
ketamine might result in higher levels of glutamate in 
synapses -the gaps between neurons. 


BRAIN STIMULATION 


Itis one of the boldest treatments in medicine: delivering 
an electrical current deep into the brain by implanting 
along, thin electrode through a hole in the skull. 


Such "deep brain stimulation" (DBS) works 
miracles on people with otherwise untreatable 
epilepsy or Parkinson's disease, but drilling into 
someone's head is an extreme step. In future, we may 
beableto get the same effects by using stimulators 
placed outside the head, an advance that could see DBS 
used to treat a much wider range of conditions. 

DBS is being investigated for depression, 
obesity and obsessive compulsive disorder, but 
this research is going slowly. Implanting an electrode 
requires brain surgery and carries a risk of infection, 
so the approach is only considered for severe cases. 

Nir Grossman at Imperial College London and 
histeam are experimenting with a safer way to use 
DBS - by stimulating the brain externally, with no 
need for surgery. 

Thetechnique places two electrical fields of 
different frequencies outside the head. The brain 
tissue where the fields overlap is stimulated, while the 
tissue under just one field is unaffected because the 
frequencies are too high. For instance, they may use 
one field at 10,000 hertz and another at 10,010 hertz. 
The affected nerve cells are stimulated at 10 hertz- 
the difference between the two frequencies. 

So far, the work is at an early stage. Grossman 
has shown that it works in principle in mice, 
which can be killed after the treatment to see which 
neurons were stimulated. 

The team has also tested it on nine healthy people 
as they lay in an fMRI brain scanner; the target region 
of brain tissue became more active when the 
stimulation was turned on. 

Grossman hopes to eventually be able to stimulate 
the hippocampus, to see if it is useful in conditions 
involving memory loss, such as Alzheimer’s disease, 
and also to target areas involved in depression 
and addiction. й 
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MIGRAINE AND 


THE BRAIN 


Migraine is often thought of as an 
occasional severe headache, sometimes 
accompanied by strange visual effects 

and nausea. What happens in an attack 
has long been a mystery, but brain-imaging 
technologies are allowing us to get a 
clearer idea of what happens and - 
crucially - how we might stop it. 


ORE than 37 million people in the 
US alone experience migraines, 
although perhaps 50 per cent 
ofthose affected, known as 
migraineurs, may be undiagnosed. 
One physiological feature of a 
migraine attack is a storm of neural 
activity called cortical spreading 
depression that passes in a wave 
across the brain's surface. 

A group of researchers at Harvard Medical School 
was firstto record this epilepsy-like activity in a brain 
scanner, in a visual region that responds to flickering 
motion. The study confirmed a long-suspected link 
between spreading depression and the aura that 
often precedes migraine pain. This process is linked 
to structural changes in these areas ofthe brain, 
with increased cortical thickness in visual areas 
associated with migraine aura. 

In another study from 2007, the Harvard 
researchers found thickening ofa region known 


asthe somatosensory cortex, which maps our sense 
oftouch in different parts ofthe body. They found the 
most significant changes in the region that relates to 
the head and face. 

Some people who have frequent migraines develop 
a condition called allodynia, where even normal touch 
can feel painful, suggesting that these changes have 
consequences outside of a migraine attack. People with 
migraine are alsoless ableto tolerate extreme sensory 
experiences, such as staring at a bare light bulb. 

Ingeneral, the migraine brain seems to be more 
excitable than normal, and this extra activity isn't 
restricted to visual areas. In fact, there is barely a 
region ofthe migraine brain that has been found 
to beunchanged. These include sensory and emotion 
areas, and the hippocampus -involved in 
autobiographical memory and navigation - along with 
reward networks, frontal areas involved in planning, 
cognition and voluntary actions and, not surprisingly, 
regions that involve pain. 

Another key area ofthe migraine brain is the 
thalamus, an area that transmits sensory information 
tothe cortex and controls its excitability. Microscopic 
structural differences in the thalamus suggest that 
more activity in this network feeds the hyperactivity, 
making it more sensitive to future attacks. 

But it is perhaps functional changes in the 
hypothalamus that have caused most excitement 
inthe medical world. The hypothalamus is vital for 
controlling internal body states -things such as 
sleep and waking cycles, metabolic balance, feeding 
behaviour, stress and hormone cycles, all of which 
are linked to migraine attacks. 

Migraineurs will recognise many ofthe 
symptoms controlled by circuits around the 
hypothalamus: nausea and vomiting, nasal 
congestion, watering eyes, excessive urination, » 
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thirst and hunger, cravings, yawning and tiredness. 

In people who get migraines, fMRI scans revealed 
greater connectivity in the circuits between the 
hypothalamus and areas that control automatic 
regulation of our body states. These areas normally 
respond to all sorts of stressors including cold, 
hunger and exercise. 

This makes the circuits much more sensitive. 

Think of the level of sensitivity as a threshold. 

Ifyou haven't slept well or eaten properly, your 
over-sensitivity to dysfunctional activation allows 
your brain to overreact and go into a full-blown 
migraine attack. What's more, this sensitivity seems 
to increase during an attack, and with more severe 
or more frequent migraines. 

So what are we to make ofall this research? The brain 
ofa person with migraine is emerging as oversensitive, 
and increasingly so with successive attacks. There is 
also an unanswered question about whether migraines 
damage the brain. Brain-scanning studies from the 
early 2000s reported that migraineurs are more likely 
to show tiny areas of brain damage on an MRI scan. 

Itisn't clear exactly what these spots of damage are - 
some ofthem, mostly in the cerebellum, relate to 
changes inthe deep white matter, which is the 
insulating sheath that allows nerve fibres to send 
electrical signals efficiently and is now also known 
to beimportant in learning and memory. Other spots 
closely resemble the kinds of damage you would expect 
to see in the brain of someone who had had a stroke. 

We already know that having migraines puts 
people at greater risk of stroke – especially those with 
aura and cardiovascular risk factors such as blood 
pressure problems, those who smoke or are obese, 
and those taking certain oral contraceptives. On the 
plus side, the spots don’t appear to cause symptoms, 
affect cognition, or make migraine worse. Nor do they 
seem to increase the risk of dementia. 

The idea that a migraine brain is not only different, 
but growing more so with every attack, is worrying – 
but there is a silver lining. Any treatment that helps 
reduce migraine frequency or severity should lessen 
or even reverse some of the structural changes. 

As we learn more about the underlying neural 
mechanisms of migraine, new treatments are 
emerging. Brain stimulation is one promising avenue. 
Transcranial magnetic stimulation (TMS) and other 


Brain scans of people with 
migraines reveal unusual 
patterns of connectivity 


techniques that deliver small electrical currents 
through electrodes on the forehead are already 
proving effective in some cases of migraine, as 
wellas for chronic pain conditions and depression. 

These treatments seem to work by steadily 
altering and normalising oversensitive brain 
circuits, though at present it isn’t clear how. 

One big advantage is that they are well tolerated 
compared with other therapies, including drugs 

and botox, which is approved for migraine treatment 
by the US Food and Drug Administration. 

TMS and the like also have scope to treat people 
who have become insensitive to migraine drugs, 
those who experience rebound symptoms and 
those who are pregnant or breastfeeding. 

The first group of medicines to be developed 
specifically for treating migraine block a molecule 
called calcitonin gene-related peptide, or CGRP. 
Goadsby first found CGRP in the blood of people 
experiencing a migraine attack nearly 30 years ago. 
A handful of drugs that interrupt CGRP receptors 
are being prescribed for episodic migraine, and 
monoclonal antibodies, which bind to the receptors 
for longer, are being tested for people with chronic 
migraine. These could prove to be ideal for tackling 
the long-term effects of migraine on the brain. I 
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— CHAPTER 6 


The past century has seen huge leaps forward in our 
understanding of how the brain works and how to fix things 
when they go wrong. Yet much remains a mystery and 
countless challenges - and opportunities - lie ahead. 
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HOW 
TO READ 
A MIND 


It is a staple of science fiction, but 
increasingly we have the technology 
to read a person's thoughts from their 
brain activity alone, even when they 
are sleeping - if only imperfectly. 


MARIO WAGNER 


RAIN-SCANNING technology has 
provided a way to peer inside our 
minds and watch thoughts as they 
happen. Detecting the content of 
thesethoughts is more difficult. 
Some researchers are now using 
artificial intelligence to extrapolate 
a person's thoughts from their brain 
activity alone. АГ algorithms excel 
at picking up patterns in complicated 
data sets, such as brain scans. Rather than being hard- 
coded with specificthings to look out for, many AIs 
learn by example. This means that instead of needing 
to fully understand the brain, it may be possible to 
show AIs thousands of examples of brain scans along 
with details of whatever the brain was doing at the 
time, and for them to work out thelinks for themselves. 


€ 
Turn back to page 13 for more 


on brain-imaging techniques 


Already, from an fMRI brain scan, an AI can say 

which ofa selection of15 different things a person 

was viewing when the scan was taken. For example, 

if someone was looking at a picture of a face, the AI 

can detect patterns in their scan that convince it to 

say “face”. Other options include birds, aeroplanes > 
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and people exercising. The AI can call the correct 
category 50 per cent ofthe time. 

Taking this a step further, Jack Gallant's group at 
the University of California, Berkeley, has managed 
to convert such brain patterns into movies, essentially 
producing videos of people's mental images. To do 
this, the team trained an AI on millions of frames of 
YouTube clips and the brain scans of people watching 
them. When shown scans of someone watching a 
different YouTube video, the AI was able to generate 
anew movie of what itthought the person was 
viewing. The results are eerie outlines ofthe original, but 
still recognisable. 

It may even be possible to read someone's mind while 
they are asleep using only brain scans. Yukiyasu 
Kamitani at Japan's Advanced Telecommunications 
Research Institute first Showed in 2013 that it is possible 
to train an Alto detect the content of someone's dreams, 
describing each in basicterms, such as whether there 
was a male or female character, the objects included and 
details about the overall scene. Kamitani's system has an 
accuracy of about бо per cent. 

As well as being a clever- and slightly sinister - party 
trick, this approach could bring real-world benefits by 
letting us communicate with people with locked-in 
syndrome and seemingly unconscious. Research in this 
area was initiated by neuroscientist Adrian Owen at 
Western University in Canada, who was inspired by a 
woman called Kate. She was left in a vegetative state after 
a Viral infection, but when shown photos of her family 
members, her brain would light up on an fMRI scan in 
thesame way as someone who was completely healthy. 
It indicated that Kate was still conscious at some level. 

Working with another patient, Owen and his team 
decided їо ask them if they could imagine playing 
tennis, which would activate the brain's premotor 
cortex. If someone in a vegetative state could do that 
on cue, it would show up on a brain scan and reveal 
alevel of consciousness previously thought lacking. 

Owen and his team have since found that up to 
20 percent of people in a vegetative state are actually 
conscious. His team has had basic conversations 
with these people, asking things like whetherthey are in 
pain, with answers given by imagining 
different activities to answer yes or no. Ё 


CONSCIOUSNESS: 
THE HARD PROBLEM 


There are many hard problems in science, 

but only one of them gets to call itself "the 

hard problem". We are still a country mile away 
from understanding the nature of conscious 
experience and how it arises in the brain. 

While the brain is a physical entity, 
consciousness was long thought to be something 
different, non-physical and immeasurable. But 
neuroscientists have challenged this idea. Today, 
most people accept that consciousness is a 
product of the electrical activity of the brain. 
The unanswered question, then, is how it arises. 

One idea is global workspace theory. It 
suggests that information from the outside world 
competes for attention in the cortex and the 
thalamus. If the signal it generates outcompetes 
other information, it is broadcast across the 
brain. Only then do you consciously register it. 

Another idea, called integrated information 
theory, describes consciousness in terms of 
a quantity called phi. Phi is high in a system of 
specialised modules that interact rapidly and 
effectively. This is true for parts of the brain's 
cortex, but the idea is controversial: not least, 
it means that something inanimate like a grid 
of logic gates could also have consciousness. 

Another school of thought says that 
consciousness is simply a mirage. The brain 
doesn' just create the illusion of consciousness, 
but also the feeling that there is a separate, 
immaterial “1” having a conscious experience. 
Some believe this arises because a brain that 
evolved to build models of the world will also 
generate simulations of itself - what we 
consciously perceive. Others see consciousness 
as an unintended by-product of information 
rushing around the brain's connections. 

A detailed understanding of how the brain 
generates consciousness is still some way in 
the future. Some believe that it will take a more 
complete understanding of physics to get to the 
bottom of the problem. Others speculate that 
understanding the conscious mind is beyond 
the capabilities of the human brain. Only time, 
and a lot more research, will tell. 
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MIND OVER BODY 


The limits of endurance are set not by the body, but by the brain. 
Short-circuiting its "stop" signals could give us superhuman bodies 


and push us to new heights of athleticism. 


N OCTOBER 2019, the Kenyan athlete Eliud 
Kipchoge ran a marathon in a time of1 hour, 
59 minutes and 40 seconds - the first time the 
fabled 2-hour threshold had been undercut. 
The circumstances ofthe race meant it didn't 
count as an official record, however. Kipchoge 
holds that, too, with a time of 2:01:39 recorded 
a year earlier at the Berlin marathon. 
Until recently, scientists concerned with 
the limits of human endurance performance 
tended to focus on the physiological - how the body 
functions, in other words - and the environmental. 
Over the past decade, however, they have come to 
understand that, to a greater extent than ever 
previously imagined, those limits are determined 
by the grey lump between your ears. The brain 
makes the callto slow up or break down long before 
the lungs and limbs are finished. Understand how 
andall ofus, not just elite athletes, could be on our 
way to cheating fatigue. 
Inthelate 1990s, Tim Noakes atthe University 
of Cape Town in South Africa proposed that the 
brain holds the levers of a subconscious safety 
device that kicks in to prevent organ damage. This 
self-preservation mechanism, known as the "central 
governor’, seemed to explain why athletes running 
on hot days tended to start slower than on cool days: 
ifthe subconscious brain perceives a threat, it slows 
you down to prevent your core temperature rising 
to dangerous levels. Perhaps this self-preservation 
apparatus is what prevents most athletes from going 
below 2 hours. 


That isn’t how Samuele Marcora sees it. An exercise 
physiologist at the University of Kent, UK, Marcora 
agrees that the brain controls the body’s brakes, but 
he has a different take on how it makes the decision to 
apply them. He argues that fatigue depends primarily 
on the conscious brain and specifically how we perceive 
effort. As a result, he insists that even the greatest 
athletes quit or ease off not because their bodies can no 
longer go on, and not because the subconscious brain 
steps in to protect their organs, but because they think 
they have reached some maximum level of effort. 

At that point, they make a conscious choice to stop. 

Anyone who has broken down long before the finish 
line would have something to say about that. But 
Marcora has produced evidence to support his theory. 

In one study, he recruited 10 men from a rugby team 
at Bangor University, UK, fora “trial to exhaustion”. 

He put them on exercise bikes and had them pedal at 
a fixed power output based on 90 per cent of their 
maximum aerobic capacity – 242 watts, on average – 
until they could no longer maintain it. Then, as soon 
asthe riders had given up, they were told to pedal as 
hard as possible for another 5 seconds. They produced 
an average of 731 watts - way above the output that 
had just driven them to exhaustion. 

Marcora suggested that although the rugby 
players had suffered lactic acid build-up and 
glycogen depletion, such physiological effects hadn't 
directly stopped their muscles working. Rather, those 
effects had made the mental effort required to carry on 
harder and harder until the riders gave up. Ultimately, 
then, endurance performance comes downto your » 
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conscious perception ofhow much you have putin. 

Marcora decided to trial "brain endurance training" 
methods designed to raise an athlete's perception-of- 
effort threshold. In one study, he asked 35 British 
soldiers to take a 60-minute cycle trial, during which 
he measured physiological limiters. Then he split the 
subjects into two groups. Both trained on an indoor 
bicycle three times a week for 12 weeks, but one group 
performed a mentally fatiguing task - picking out 
combinations ofletters on a screen - as they pedalled. 

Theresults raised a few eyebrows. Whilethe control 
group improved their time to exhaustion by 42 per 
cent, the brain-training group improved by 126 per 
cent. The latter group also reported finding the test less 
painful. “The results showed that the subjects could 
tolerate a harder perceived effort, so when the cognitive 
task was removed, the effort felt easier,” says Marcora. 

He suspects that answers lie in the anterior cingulate 
cortex (ACC), a brain region that has been implicated 
in a variety of cognitive and emotional functions. 

His hypothesis is that if you systematically stress this 
brain region with cognitive tasks, you build up its 
resistance (see diagram, page 91). 

Marcora also proposes that monotonous mental 
tasks might lead to a build-up of adenosine, a brain 
chemical produced by neurons during prolonged 
activity. It accumulates when you are deprived of 
sleep, binding to adenosine receptors on cells in the 
brain and elsewhere. By slowing down the activity 
ofthose cells, it makes us feel mentally fatigued. That 
is why caffeine, which blocks adenosine receptors on 
neurons, makes us feel awake. Marcora suggests that 
consistently flooding the brain with adenosine by 
doing mundane mental tasks forces your brain cells 
to adapt, building resistance to this fatigue-inducing 
chemical. The result is that your sense of exertion 
goes down for the same level of actual effort. 

Sadly, you can't become a world-class marathon 
runner by curling up with a copy of Puzzler magazine 
instead of putting in the hard yards. "If you have 
weaker muscles, you have to increase the activity 
of the brain to compensate,” says Marcora. "This is 


perceived as an increase in effort." That means you 
will reach your effort threshold sooner than someone 
in better shape. 

Even so, if his theory is correct, you should make 
a point of exercising when feeling mentally drained - 
after an energy-sapping day at work, say, or a bad 
night's sleep. You might find yourself cursing Marcora 
as your adenosine levels soar, but the idea is that you 
build up your resistance and, overtime, keep that 
"Ive had enough" feeling at bay for longer. 

Marcora has caused a stir among endurance 
researchers, but he isn't the only one convinced 
that manipulating the brain could bring performance 
gains - and his mundane on-screen tasks aren't the 
only option. 

In 2011, Kevin Thompson, now at the University of 
Canberra in Australia, had a group of cyclists undertake 
a 4-kilometre time trial at personal-best pace. He then 
had them race against an on-screen avatar that they 
thought was going at their best pace when really it was 
going 2 per cent faster. The riders kept up, cycling faster 
than they ever had before. But when the avatar was 
set to go 5 per cent faster, the riders couldn't handle it. 
“That showed us the body has an energy reserve of 
2 to 5 per cent,” says Thompson, and suggested that 
it can be tapped by tricking the brain. 

The method seems to work even when the riders 
know they are being conned. Ren-Jay Shei at Indiana 
University in Bloomington worked with Thompson 
to replicate the study in 2014, and again the majority 
of riders beat their best by 2 per cent. When the 
researchers told the athletes they had been deceived 
and asked them to race the avatar one more time, 
they still managed to go 2 per cent faster than their 
personal best. 

Thompson’s deception techniques could potentially 
help- ifonly marathons were run in the lab. The 
trouble is that such trickery is harder to pull off out 
there in the real world, not least because it would be 
hard to find human pacemakers up to the task. 

What’s more, it isn’t yet clear whether brain training 
or deception will work for elite athletes. After all, they 
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Certain brain regions are involved in regulating our tolerance to 
endurance exercise. Targeting them with interventions designed to 
alter perception of effort could improve performance 


MOTOR CORTEX 


Plans and controls movement. Communication with insular 
cortex intensifies as athletes reach exhaustion 


INSULAR CORTEX 


Receives and processes signals from around the body, from muscle 
pain to emotions, and gives instructions to the motor cortex 


ANTERIOR CINGULATE CORTEX 

Thought to govern perception of effort. According to one theory, 
training this region with cognitively challenging but dull tasks can 
increase endurance 


are the elite because they have trained their minds to 
tap energy reserves that most of us can't reach. Even 

so, some ofthe world's leading endurance sports teams 
have begun to test a more direct way to alter perception 
of effort: zapping the brain with electricity. 

The Red Bull High Performance team, for instance, 
is working with neuroscientists from Weill Cornell 
Medical College in New York City and Pepperdine 
University in Malibu, California, to see how its athletes 
respond to transcranial direct-current stimulation 
(tDCS), where a weak electrical current is applied to 
the brain. The British cycling team is also reported 
to be exploring the technique's potential. 

The trials build on work suggesting which brain 
regions it might be best to target. In 2011, a team led 
by KaiLutz atthe University of Zurich in Switzerland 
measured the electrical activity in the brains of cyclists 
asthey pedalled to exhaustion. As the subjects tired, 
Lutz noticed a steady increase in the intensity of 
communication between the motor cortex, which 
controls movement, and the insular cortex, which 
processes signals from the muscles and other 
components ofthe body. The results indicate that 
your insular cortex responds to signals of distress 
by ordering the motor cortex to give it a rest. 

Based on this, Alexandre Okano at the Federal 
University of Rio Grande do Norte in Natal, Brazil, 
gave a group of cyclists a 10-minute bout of tDCS over 
the insular cortex. He found that they generated 4 per 
cent more power and reported lower perceived effort 
levels than before the brain zaps. 

So can brain stimulation really help elite marathon 
runners undercut the 2-hour mark as a matter of 
course? Holden MacRae, a sports scientist at 
Pepperdine University who led the Red Bull project, 
thinks so. “Potentially, manipulating the brain via 
tDCS could lead to that level of performance with the 
right athlete in optimal conditions and on a fast 
course,’ he says. Ethically, however, the debate over 
whether this should be acceptable in elite sport is 
gathering speed, with critics arguing that it amounts 
to “brain doping" and should be banned. li 
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INTERVIEW: DAVID EAGLEMAN 


Why be constrained by biology when you can bolt on extra 
senses and let your brain figure out what they mean? So says 


neuroscientist and haptic vest creator David Eagleman 


BREAKING OUT OF 
THE BRAIN 5 VAULT 


PROFILE 
DAVID 
EAGLEMAN 


David Eaglemanis a 
neuroscientist at Stanford 
University in California. 
He is CEO and co-founder 
of Neosensory, a company 
that develops sensory 
substitution devices, 

and the author of books 
including The Brain: The 
story of you and Livewired: 
The inside story of the 
ever-changing brain 


You have described the brain as "locked in a vault 
of silence and darkness’, so how does it create such 
arich reality for us to experience? 


That’s one of the great mysteries of neuroscience: 
how do electrochemical messages in your brain get 
turned into your subjective experience of the world? 
What we know is that the brain is good at extracting 
patterns from our environment and assigning 
meaning to them. I’m interested in how we can plug 
alternative patterns into the brain and experience 
additional aspects of reality. 


What new realities could we perceive? 


We only pick up on a small fraction of signals that 
are going on in the world: those for which we have 
developed specialised sensors. There are many 
other signals out there - X-rays and gamma rays 
among others - but we're completely blind to them. 
No matter how hard we try, we'll never see that part 
ofthe spectrum naturally. 

But the brain is really flexible about what it can 
incorporate into its reality. It receives information in 
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the form ofelectrochemical signals from our eyes, 
our nose, our skin, and works out meaning from 
them. Crucially, it doesn’t care where these signals 
are coming from; it just figures out how to use them. 
Ithink ofthe brain asa general-purpose computer. 
Our senses are just plug-and-play devices that we have 
inherited through evolution. And ifthat's the case, we 
should be able to interface any data stream into the 
brain and it willfigure out how to deal with it. 


We're experimenting with a wearable device covered 
with vibratory motors. When you wear the vest, at first 
it just feels like strange patterns of vibrations on your 
torso, but the brain is really good at unlocking sensory 
patterns and figuring out what the input means. 


Well, for example, with deaf participants, we capture 
sound from their environment and translate it into 
different patterns of vibrations. After a week or so, our 


volunteers are ableto figure out what's being said 
using the vibrations alone. They can understand the 
auditory world through their skin. 


We don't know ifit will be exactly the same 

experience – it's hard to communicate what a sense 
feels like, because ourlanguage is only capable of 
sharing things that we have in common. Nonetheless, 
the meaning of what someone is saying is directly 
evident to the deaf participant. It might be like learning 
a foreign language at first you read it and translate it 
in your head to get the meaning, but with practice you 
just read it and understand the meaning directly. 


It seems crazy to hear via a moving pattern oftouch 

on the skin, but ultimately, this is just translated into 
electrochemical signals coursing round the brain - 
which is all that regular hearing ever is. Traditionally, > 
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these signals come via the auditory nerve, but here 
they come via nervesin the skin. 

We already know that the brain can figure out 
meaning from arbitrary signals. For example, when 
a blind person passes their fingers over Braille the 
meaning is directly evident to them. And when you 
read words, you don’t have to think about the details 
of the squiggles -the meaning simply flows offthe 
page. In the same way, we’re demonstrating that a 
deaf person can extract the meaning of words coming 
to them by vibratory patterns. 


What else might we sense using the vest? 


Here’s an example. We stream 5 seconds of real-time 
data from the internet to a person wearing the vest. 
Then two buttons appear on a screen, and the person 
has to make a choice. A second later, they get a smiley 
face or frowny face telling them whether their choice 
was the right one. The person has no idea that what 
they’re feeling is real-time stock market data, and 
that the buttons represent buy or sell decisions. 


What could this experiment demonstrate? 


We're seeing whether participants get better at making 
trade decisions without having any idea what they are 
doing. People often come with alot of assumptions 
about the market, and we want to see whether we can 
circumvent that by having the brain decrypt patterns 
without any pollution from prior knowledge. Then it's 
simply a pattern-recognition problem for the brain. 
Eventually we'll tell the participants what is really going 
on, and we are interested to know what the experience 
will be like for a person who wears this stock market 
vest for along time. Are they suddenly going to feel a 
tightening in their stomach and think, "Oh gosh, the 
oil price is about to crash"? 


Would they be able to describe in words what 
the different patterns meant to them? 


Historically, people can figure out meaning from quite 
subtle data without ever knowing exactly what they're 
doing. Take British plane-spotters, for example. During 
the second world war, some were really good at 
distinguishing between British and German planes 
from а distance. The British government tried to get 
them to teach others to do it, but they were unable to. 
It was ineffable knowledge -they were picking out 
very subtle patterns without knowing exactly how. 


The vibrating jacket has so many potential 

applications. What else have you in mind? 

We are playing with feeding the jacket a real-time 
sentiment analysis on Twitter, as filtered by a hashtag. 


Let's say you're a presidential candidate giving a 
speech. You could wear the jacket and feel how the 
Twittersphere is reacting as you're going along. One 
of our other experiments involves working with pilots 
and feeding them cockpit data or drone information 
via the vest. 


That's intriguing. Do the pilots end up feeling 
like they have become the drone, say? 


Yes, it’s like extending your skin to the plane or drone, 
so you feel the pitch, yaw and roll. It’s anew perceptual 
experience that we believe will allow someone to 
pilot better. 

We're thinking about astronauts too. They spend 
a lot of time looking at hundreds of monitors, so 
wouldn't it be great ifthey could directly feel the 
state ofthe space station and know when things 
were changing or shifting? 


Are there limits to how many extra senses 
you might acquire using wearables? 


You mean, could you have a Twitter jacket and stock- 
market jeans? I don't see why not. We don't know if 
there are any limits to how many different things you 
could sense. My intuition is that the limits are distant. 
We've got an enormous amount of real estate in the 
brain. If you lose one sense, the area ofthe brain 
responsible for it gets taken over by other senses. 

The brain is great at redistributing space for what's 
needed and there's plenty of room to share real estate 
without noticing any diminished effects elsewhere. 


Does the system have limitations? 


The thing that defines what is possible is what we can 
build sensors for. If we have a good sensor, it's trivial 
to convert the information it captures into vibrations 
in the jacket. 


If you could choose only one extra sense 
to have, what would it be? 


That's an interesting question. Right now, everything 
about our society is engineered around the senses 
that we currently have. If I were suddenly able to have 
ultrasonic hearing, I would hear animal calls that no 
one else could hear. As a nature lover, that would be 
amazing, but I don’t know ifit would be lonely in that 
extrasensory space if no other human joins me there. 
Га also like to explore whether the vest can allow us 
to better connect with other people. Perhaps if my 
wife and I both wore a vest, and used it to somehow 
experience each other’s emotions, that might bring 
us to a new level of closeness. Or perhaps it would be 
detrimental [laughs] - we just don’t know until we try. E 
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UPERHUMAN memory has a special 
appeal. Who could resist the idea of 
remembering everything they wanted 
to, without trying? Learning would be 
made easy, exams a breeze and you 
would never forget where you left your 


U p 6 R A [) Е keys. And memory-related disorders 
like Alzheimer’s disease would have 
mettheir match. 

So itis oflittle surprisethat 
E scientists have turned their attention to ways of 


enhancing human memory using techniques that 
stimulate, supplement or even mimic parts ofthe 
brain. Theimmediate goalistotreat memory 


Want to remember whatever you like with disorders, but the idea ofa memory prosthesis 
f day life is al ini d. 
no effort? Superhuman enhancements Vb Anc Nu en. 


One approach is deep brain stimulation (DBS), 


in the form of memory prostheses and which involves zapping an affected brain area with 
А . an implanted electrode. This is already used in the 
implants could be just around the corner - 


treatment of Parkinson's disease and epilepsy, 


but anyone who wants the ability to upload among other conditions. 
their mind could be waiting a little longer. € 


Turn back to page 80 for more 
on deep brain stimulation 


Implanting electrodes in brain regions responsible 
for memory, such as the hippocampus, seems to offer 
a short-term memory boost too. And small studies 
have even suggested that DBS might reverse some of 
the damage seen in certain people with Alzheimer's 
disease, halting the shrinking ofthe hippocampus 
and potentially encouraging itto grow bigger. 

DBS is still a blunt tool, however. A more advanced 
approach is to artificially recreate the same electrical > 
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activity in the brain that happens when memories 
form. One such *memory prosthesis" has already 

been shown to work in people with memory problems 
resulting from epilepsy. The researchers involved 
taught an algorithm to learn the pattern of brain 
activity that occurs when memories go intolong-term 
storage using data they collected from the patients' 
brains asthey were learning. They then used implanted 
electrodes to simulate this activity, causing memories 
to be stored in the brain. The implant boosted memory 
performance by 30 percent. A similartechnique might 
even be used to implant memories directly, which 
could also help those with Alzheimer's disease. 

Techniques like these involve invasive surgery, 
so have been reserved for people with neurological 
conditions for whom the benefits might outweigh the 
risks. But many ofthose behind the research envision 
atime when any ofus could be walking around with 
implants quietly boosting our brain function. 

The projects are backed by big names and big money. 
The US Defense Advanced Research Projects Agency 
(DARPA) has been supporting the epilepsy memory 
prosthesis project since 2013, as part of its Restoring 
Active Memory programme, which seeks to help 
improve memory in the injured brain. 

In 2016, entrepreneur Bryan Johnson invested 
$100 million in his company Kernel, which seeks 
to develop brain implants to boost intelligence. 

The company started by focusing on memory. 

Since then, Elon Musk has joined the action. The 
engineer and investor, who heads Tesla and SpaceX, 
co-foundeda venture called Neuralink. He wants his 
brain-machine interfaces to merge aspects ofhuman 
and machine intelligence. 

One goal is to outsource the hard work of memory- 
making, whether to combat disease or put an end 
to worries about where we left our keys. In 2019, the 
Neuralink team inserted an implant into a pig’s brain, 
and expressed long-term hopes for the technology, 
ranging from restoring vision for people with eye 
injuries and limiting pain to recording memories and 


telepathy. Some of these goals are more realistic 

than others, and human trials are still some way in 

the future. Even so, brain upgrades aren’t as far-fetched 
as they might seem. 

Nor, perhaps, is that science-fiction staple of 
uploading the contents of our brain elsewhere. There 
are many reasons why we might want to upload our 
minds to a non-human interface. For one thing, it 
would mean that our personality, experience and 
unique way of interpreting the world could be 
extended far beyond our usual lifespan. 

And having humanity safely “saved” onto other 
types of materials, as “substrate-independent minds” 
(SIMs), could also bring huge benefits to our species, 
says Randal A. Koene, a former professor at Boston 
University and co-founder of the Neural Engineering 
Corporation of Massachusetts. If minds could be 
copied several times over, it would provide us with 
back-up copies of humanity, which could keep our 
species going in the case of catastrophic collapse. 

So how might SIM be realised? Most SIM 
research builds on an approach called a ^whole 
brain emulation", which involves precisely copying 
a specific brain, ratherthan creating a "simulation": 
a generalised mind created out of many data points. 

So far, researchers have been kept busy emulating 
the basic computational units ofthe brain, such as 
neurons. They are working on the principal that 
neurons are mostly inactive, low-power processors 
arranged in a highly parallel network alongside billions 
of others, and are working on an artificial version of 
this strategy. Next comes the not-inconsequential 
issue of working out how these units are connected. 

Several groups are collaborating on a project to 
recreate the nervous system of a nematode worm, 
which has just a few hundred neurons, compared 
with our 86 billion. Clearly, there is alot to do before 
we get anywhere near replicating a human brain, 
butteams ofscientists and engineers are working 
on the problem. It is an incredible thought, but one 
day, they may just get there. Ш 
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